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Chapter 1
Introduction
1.1 The Interstellar Medium
1.1.1 Gas-phase Molecules
Our Galaxy, The Milky Way was thought to consist of stars in a vacuum. Sci-
entists realized later that there were other constituents than stars. Objects like
bright or dark clouds of gas were observed in detail and their chemical com-
position was gradually unveiled in the last decades. Bright clouds did not
resolve into individual stars. Viewed at high magnifications these objects were
roughly divided into diffuse nebulae (like the Orion nebula), planetary nebu-
lae surrounding faint blue stars, and filamentary nebulae, see Fig. 1.1. Dark
clouds were originally thought to be holes in the night sky, but they were later
recognized to be obscuring material seen in silhouette against rich star fields.
Dark clous are especially prominent in the brightest regions of the Milky Way
(e.g., the Great Rift in Cygnus). Many were cataloged by Edward E. Barnard
who made the first systematic photographic survey of dark nebulae.
Figure 1.1. Bright and dark nebulae. Left: the Orion nebula. Right: the Pelican
nebula. Images taken from http://apod.nasa.gov/apod/astropix.html.
Fig. 1.2 ilustrates the life cycle of interstellar matter. Stars form in clouds of
interstellar gas and dust after collapse due to their own gravity. When the core
of a newborn star becomes sufficiently dense and hot, hydrogen begins to fuse
into helium providing a very powerful energy source. Stars fusing hydrogen in
3
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Figure 1.2. Cosmic cycle of interstellar material. Picture composition made with
different images adapted from http://apod.nasa.gov/apod/astropix.html.
their cores are called main sequence stars, and they are the most common stars
in the Universe. Our own Sun is an example of a main sequence star. Stars
are held up against gravitational collapse by pressure forces. This is known
as hydrostatic equilibrium. Eventually no hydrogen remains in the core of the
star and the star will begin to collapse again. Other energy sources (such as fu-
sion of helium, carbon, and heavier elements) may hold the star up for a time,
but ultimately all energy sources are used up. At this point the star suffers
from one of two possible fates, depending on its mass. Low mass stars (like
the Sun) shed their outer layers in a so-called planetary nebula, while the inner
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core collapses to form a white dwarf star. Higher mass stars undergo a huge
supernova explosion in which the outer layers are violently expelled, leaving
behind a very dense neutron star or black hole. Either way, the outer regions
of the star are returned to the interstellar medium where they contribute to the
formation of the next generation of stars. All of the elements heavier than he-
lium, including carbon, oxygen, and all the metals, were formed by fusion in
stars, then returned to the interstellar medium.
Diffuse Clouds: They were the sites of the first detections of interstellar
molecules (Swings & Rosenfeld 1937; McKellar 1940). They are intermediate
between the hot phase of the galaxy and the giant molecular clouds where
much of the gas resides. They are called diffuse because they have optical
depths of order unity, so photons can penetrate from outside the cloud and
affect the chemical composition. The atoms and molecules are observed in ab-
sorption against background stars. Translucent clouds with optical depths be-
tween about 2 and 5 are intermediate between diffuse and dark clouds where
photons from the outside still affect the chemistry. They can be observed both
in absorption against a background source or in emission in the radio. The
temperature is 100-200 K at the edges of a diffuse cloud with a density of about
100 cm3. In a typical diffuse cloud the temperature decreases to about 30 K at
the center while the density increases to about 300-800 cm3 (van Dishoeck et
al. 1993 and references therein). The chemistry is driven by ionization from
interstellar UV-photons and from cosmic rays, see Cecchi-Pestellini et al. 2009.
Dense Clouds: Much of the mass of the galaxy is in the form of dark molec-
ular clouds. The molecular clouds are sites of new stars formation. They are
composed primarily of hydrogen, with about 10% helium and trace amounts
of heavier elements. Dark clouds become opaque because of their internal dust
grains. They have densities of approximately 103-104 cm3, corresponding to a
visual extinction of Aν ≈ 1-10 mag, and temperatures between 10-20 K, and
often contain denser clumps (van Dishoeck et al. 1993 and references therein).
The clouds are optically thick and so photons from the outside are absorbed
on the surface of the clouds. The interiors are heated and ionized by cosmic
rays which penetrate deep into the cloud. The temperatures are too low to sus-
tain much neutral chemical activity in the clouds, and cosmic ray ionization
is important in driving the chemistry. In dense clouds, the cosmic rays both
initiate the chemistry and limit it through the production of He+ and through
cosmic ray induced UV-photons. Table 1.1 is a list of molecules that have been
observed in the interstellar medium, many of which have also been found in
other galaxies.
1.1.2 Dust
The fundamental role played by dust grains in synthesizing molecular species
is well known, when they were invoked to explain the production rate of H2
molecules in our Galaxy. Pioneer work in this field has been done by Gould
& Salpeter (1963) and Hollenbach & Salpeter (1971), who first derived the for-
mation rate of H2 on grain surfaces. From observations carried out by Far Ul-
traviolet Spectroscopic Explorer (FUSE), the derived rate of formation for H2
6
Ch
a
pt
e
r
1.
In
tro
du
ct
io
n
Table 1.1. Molecules detected in the interstellar medium or circumstellar shells. Table adapted from http://www.astro.uni-koeln.de/cdms/molecules
and http://www.obs.u-bordeaux1.fr/pcmi/molecules/table-mol.pdf
2 atoms 3 atoms 4 atoms 5 atoms 6 atoms 7 atoms 8 atoms 9 atoms 10 atoms ≥11 atoms
H2 C3 c-C3H C5 C5H C6H CH3C3N CH3C4H CH3C5N HC9N
AlF C2H l-C3H C4H l-H2C4 CH2CHCN HC(O)OCH3 CH3CH2CN (CH3)2CO CH3C6H
AlCl C2O C3N C4Si C2H4 CH3C2H CH3COOH (CH3)2O (CH2OH)2 C2H5OCHO
C2 C2S C3O l-C3H2 CH3CN HC5N C7H CH3CH2OH CH3CH2CHO CH3OC(O)CH3
CH CH2 C3S c-C3H2 CH3NC CH3CHO C6H2 HC7N c-C6H6
CH+ HCN C2H2 H2CCN CH3OH CH3NH2 CH2OHCHO C8H C2H5OCH3
CN HCO NH3 CH4 CH3SH c-C2H4O l-HC6H CH3C(O)NH2 n-C3H7CN
CO HCO+ HCCN HC3N HC3NH
+ H2CCHOH CH2CHCHO C8H HC11N
CO+ HCS+ HCNH+ HC2NC HC2CHO C6H CH2CCHCN C3H6 C60
CP HOC+ HNCO HCOOH NH2CHO H2NCH2CN C70
SiC H2O HNCS H2CNH C5N CH3CHNH
HCl H2S HOCO
+ H2C2O l-HC4H HC6H
KCl HNC H2CO H2NCN c-H2C3O CH3OCHO
NH HNO H2CN HNC3 H2CCNH
NO MgCN H2CS SiH4 C5N
−
NS MgNC H3O
+ H2COH
+ HNCHCN
NaCl N2H
+ c-SiC3 C4H
− CH2CHO
OH− N2O CH3 HC(O)CN C5O
PN NaCN C3N
− HNCNH
SO OCS PH3 CH3O
SO+ SO2 HCNO NH
+
4
SiN c-SiC2 HOCN SiC4
SiO CO2 HSCN DC3N
SiS NH2 H2O2 c-C3HD
CS H+3 C3H
+ C4D
HF H2D
+, HD+2
HD SiCN
FeO AlNC
O2 SiNC
CF+ HCP
SiH D2O
PO AlOH
AlO H2O
+
OH+ H2Cl
+
CN KCN
SH+ FeCN
SH HO2
HCl+ TiO2
TiO HDO
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in diffuse clouds is R ≃ 4×10−17 cm3 s−1 (Gry 2006). Surface chemistry is also
invoked to explain: the observed large abundances of complex species near
star forming regions; the orders-of-magnitude abundance enhancements of se-
lected molecular species observed along molecular outflows; and dust grain
mantles composed of complex icy mixtures, as deduced from ground-based
and space observations of background field stars or embedded protostars (e.g.
Gibb et al. 2004; van Dishoeck 2004; Dartois et al. 2004a). Lots of theoretical
and laboratory work has been done since then on this fundamental subject,
e.g. the works of Chiar et al. (2000) and Gadallah et al. (2012) summarized in
Fig. 1.3 (Mun˜oz Caro et al. 2001; Mennella et al. 2001; Dartois et al. 2004a,b;
Dartois et al. 2005a; Truica-Marasescu et al. 2005; Mun˜oz Caro et al. 2006; Dar-
tois & Mun˜oz Caro 2007; Godard et al. 2011; Dartois 2011; Godard et al. 2012;
Gadallah et al. (2012), and references therein).
Figure 1.3. Aliphatic and aromatic infrared absorption bands in spectra (ISO-SWS
(AOT1)) toward the galactic center (Sgr A*, GCS 3 and GCS 4, Chiar et al. 2000)
compared to those of the laboratory samples before and after UV-irradiation. Image
adapted from Gadallah et al. (2012).
Dust grains are solid, macroscopic particles (from the molecular size point
of view) composed of refractorymaterials, see Dartois (2011). As such, we have
to deal with different and fundamentally less well-understood physics. Many
of the physical details involving dust particles are empirical as we do not yet
know the precise composition of dust grains, nor do we know their precise
physical properties. Nowadays, there are lots of laboratory experiments that
tried to produce grains and reproduce the conditions they would experience
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Figure 1.4. Left: optical depth spectra of photoproduced a-C:H. Each spectrum is
labeled with the precursor from which the polymer originates. Right: a typical expected
substructure unit for the hydrogen-rich photoproduced a-C:H. For more details see
Dartois et al. (2005).
in interstellar space. A good example is the work of Dartois et al. (2005a)
produced Hydrogenated Amorphous Carbon (a-C:H) by slow codeposition of
an organic progenitor with simultaneous UV-irradiation. They were able to
produce different profiles of the 3.4 µmwith 6 different molecules under high-
vacuum conditions and cryogenic temperatures, see Fig. 1.4. This a-C:H ma-
terial has also been exposed to different radiation processes. They are known
to change their properties under conditions of radiation bombardment (espe-
cially energetic particles like cosmic rays), see Godard et al. 2011. Laboratory
simulations of dust processes, theoretical models, and observations are per-
manent developing areas, making constant improvement. Great progress was
achieved along these lines.
The presence of dust grains in the ISM is deduced observationally in one of
two basic ways (see Endrik Kru¨gel 2003 book for more details):
• I. Interactionwith starlight: The presence of dust grains is inferred along
a given line of sight by their effects upon starlight passing through them.
These effects include:
– Total andwavelength-selective extinction of starlight passing through
dusty regions due to a combination of absorption and scattering.
– Reflection of starlight by dusty clouds located behind bright stars
(Reflection Nebulae).
– Polarization of light either by scattering, or by passage through re-
gions with macroscopically aligned non-spherical dust grains.
– Absorption of starlight in silicate bands, or various ice bands (e.g.,
H2O and CO2 ices).
• II. Emission from dust grains: Dust grains must also emit electromag-
netic radiation that is directly detectable:
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– Thermal continuum emission from dust grains in radiative equilib-
rium with the local radiation field. This radiation emerges at mid-
to far-IR wavelengths.
– Thermal continuum emission from non-equilibrium heating of tiny
grains emitted at near- to mid-IR wavelengths (1-25 µm).
– IR emission bands from heated grains. Many of these bands, how-
ever, are still not positively identified (or identified at all).
– Radio continuum emission from rotating grains (both electric and
magnetic dipole radiation). This has been discovered as part of
the Galactic radio background, and the explanations are compelling
but still tentative.
The 3.4 µm aliphatic hydrocarbon (C-H) feature is a broad extinction band
seen along lines of sight where the interstellar extinction is very high (Aν >10).
It was associated with refractory grain material, since it is often seen in regions
of diffuse atomic gas. It was identified as the a-C:H aliphatic C-H stretching
modes (organic molecules with carbon atoms joined in straight or branched
chains, see Fig. 1.4). Given the low ISM density, the collision timescale is too
large to form a stable polymer or disordered solid in situ, and therefore favours
production in the ejecta of stars followed by dissemination in the ISM. The
origin of this feature is still unclear, but suggestions include aliphatic hydro-
carbon residues produced by UV-photolysis of ice mantles on grains, a-C:H,
and hydrocarbon mantles on silicate grains (Dartois et al. 2004a,b; Dartois et
al. 2005a; Truica-Marasescu et al. 2005; Mun˜oz Caro et al. 2006; Godard et
al. 2011; Dartois 2011; Godard et al. 2012; Mun˜oz Caro & Dartois 2013, and
references therein).
Dust grains are the primary sites of molecular formation, and are thought to
be responsible for essentially all of the H2 in the ISM.Molecular chemistry with
the complexity observed in space is unthinkable without dust grains acting as
reaction sites. Finally, the formation of a planetary system is thought to begin
when dust grains in a protostellar disk begin to coagulate into larger grains,
leading to planetesimals and eventually to planets, carrying their complex or-
ganic molecules with them. Dust is not only the principal molecule builder, it
might also be thought of as one of the main ingredients of planetary formation,
the ambients where life has likely developed, seeMun˜oz Caro &Dartois (2013).
1.1.3 Interstellar Ices
The word ice describes the solid state of water in a normal way of speaking.
But, for astrophysicists “ice” comprises other kinds of volatile molecules in
the solid phase. Therefore the word ice is extended to both molecular solids
and hydrogen bonded solids: molecular solids being composed of volatile
molecules bounded by van der Waals forces, while hydrogen bonds are largely
responsible for the cohesion of hydrogen bonded solids.
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Figure 1.5. Cartoon illustrating the main physical and chemical characteristics of a
protostellar object (based on Ehrenfreund et al. 1997; van Dishoeck & Blake 1998; and
Jorgensen et al. 2005)
Since hydrogen is 3 to 4 orders of magnitude more abundant than other
reactive elements such as C, N and O, overall grain surface chemistry is mod-
erated by the H/H2 ratio. In regions where this ratio is large, H atom addi-
tion (hydrogenation) dominates and species such as H2O, NH3 , and CH4 are
expected to be prominent. If the H/H2 ratio is substantially less than one,
however, reactive species such as O and N are free to interact with one another
formingmolecules such as CO, CO2, O2 andN2. Thus, two qualitatively differ-
ent types of ice mantle are expected to be produced by grain surface reactions,
one dominated by polar, H-bonded molecules and another one dominated by
non-polar, or only slightly polar, highly unsaturated molecules. However, con-
version of atomic to molecular hydrogen occurs within 106 years of cloud life-
time and strongly governs the evolution of the mantles since polar (H-rich)
molecules form at early times in the cloud. At the onset of cloud collapse,
when de density is low (∼ 103 cm−3 ), the mantle formed will be H2O-rich due
to the high abundance of atomic hydrogen and oxygen in the gas phase and
the ease of forming water on the grain surface. A small amount of methane
(CH4 ) and ammonia (NH3 ) is also predicted to form on the mantles. The
high probability that atomic oxygen and nitrogen will react with the abundant
atomic hydrogen on the grains prevents O2 and N2 from forming on the man-
tles. As cloud collapse progresses and the density increases (∼ 105 cm−3 ), a
qualitatively different mantle layer forms. The majority of the atomic hydro-
gen is converted into H2; production of polar species is inhibited, O2 and N2
are produced and CO is a dominant mantle constituent (d’Hendecourt et al.
1985; Chiar 1996; O¨berg et al. 2011), see Fig. 1.5.
Interstellar grains in dense molecular clouds are covered with icy mantles,
see Fig. 1.6 (Pontopidan et al. 2004, 2005, 2006; Dartois 2005b, 2006, 2009; O¨berg
et al. 2009a, 2011, and references therein). The condensation process is initiated
by high gas-densities (nH = 10
3-105 atoms cm−3) and low temperatures (10-50
K). When the sticking probability of the molecules is close to unity, which is
the case of most of the species at 10 K under dense cloud conditions, chem-
ical models indicate that molecules are removed from the gas phase within
∼ 109/nH years. This implies that all gas phase molecules, except H2, con-
dense as ice mantles covering dust grains within the lifetime of such a cloud
(Willacy & Millar 1998). The typical structure of an interstellar ice-covered
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Figure 1.6. Short Wavelength Spectrometer (AOT06) observations of the rich ice spec-
trum of embedded intermediate to high mass protostars. From top to bottom: Elias 229,
RCRA, GL2136, NGC7538 IRS9. The more common identified features are labeled be-
low the spectra. Adapted from Dartois 2005b.
grain is schematically represented in Fig. 1.7. The grain is represented with
a core of refractory materials ranging in size from ∼ 0.01 µm to ∼ 1 µm and
covered with an icy mantle of tens of monolayers (ML), see Dartois (2006).
The composition of the mantle, derived from spectroscopic observations in
the infrared, is largely dominated by H2O ice. Other major components in-
clude CO, CO2, CH4, CH3OH and NH3, see Fig. 1.6 and Table 1.2 (Dartois
2009, O¨berg et al. 2011). Homonuclear molecules such as O2 and N2, which
have no mid-infrared features are also expected to be in the ice mantles. The
structure and the composition of interstellar grains have been thoroughly stud-
ied observationally, experimentally, and theoretically over the years. An abun-
dant literature exists on this subject, and more particularly on the composition
of the icy mantles (d’Hendecourt et al. 1985, 1986; Gerakines et al. 1995, 1996;
Schutte 1996; Sandford 1996; Mun˜oz Caro et al. 2002; Dartois 2009; O¨berg et al.
2009b,c,d; Mun˜oz Caro et al. 2010, and references therein).
Since the interstellar UV radiation field cannot penetrate into the interior of
dense clouds, these regions are currently assumed dark, and cosmic ray ioniza-
tion is thought to be the sole driver of the gas phase chemistry. However, cos-
mic ray energy deposition also involves electronic excitation of the absorbing
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Figure 1.7. Interstellar grain mantle viewed during three different stages. Top: the
molecules accrete onto the grain to form and ice mantle composed by simple volatiles
species. Accretion competes with non-thermal desorption processes like photodesorp-
tion in the cold regions of dense clouds. Center: the ice mantle is processed by cosmic
rays, UV irradiation, and thermal processes. Bottom: the processed ice mantle becomes
a complex ice mantle composed by heavier molecules like glycine (the simplest ammino
acid) and glycolic acid (the most abundant carboxylic acid formed by ice UV-irradiation
in the laboratory).
gas. It happens that emissions resulting from these excitations might maintain
a significant flux of chemically important UV photons in the interior of dense
clouds (Gredel et al. 1989).
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Ice mantles are processed through their exposure to UV-irradiation and cos-
mic rays. A significant UV-field of the order of 103–104 photons cm−2 s−1 for
photons of energy >6 eV is estimated to be present in dense clouds ( Cecchi-
Petellini & Aiello 1992; Shen et al. 2004). UV photolysis leads to the forma-
tion of new radicals and molecules inside the grain mantle following a photo-
chemical mechanism. The primary step leads to the breaking of molecular
bonds (photo-dissosiation) and the formation of radicals (such as H, O, OH,
CH3 and NH2) and molecules (such as CO, CO2, CH4, HCO, and H2CO) in
the ice, see Gerakines et al. 1995. In the secondary step, the radicals recombine
with surrounding radicals and molecules. This recombination process (addi-
tion) may proceed either directly or by diffusion in the ice upon warm-up de-
pending on the energy barrier which must be overcome for the chemical reac-
tion to happen. Simple (CO2, O3...) as well asmore complex (CH3OH,H2CO...)
molecules are thus formed leading to an ice mantle which can be significantly
chemically altered, see Fig. 1.7. Two kinds of processes are expected to act
in the UV-irradiation of ices; the photo-desorption and the photo-destruction
(the former adds molecules to the gas phase and the later gives place to the
photo-production of new compounds in the icy mantles). Laboratory exper-
iments on pure and mixed ices containing CHON species (such as H2O, CO,
NH3...) have demostrated that UV photo-processing leads to the production of
molecules such as CH3OH, CO2, H2CO observed in the interstellar icy grain
mantles (Hagen et al. 1979; Gerakines et al. 1995; Dartois et al. 2003; O¨berg
2009). Further UV irradiation and warm-up of the ice analogs produce more
complex molecules and lead, ultimately, to the formation of a rich variety of
refractory organic residues such as glycolic acid (HOCH2COOH), glyceramide
(HOCH2CHOHCONH2), hexamethylenetetramine (HMT, C6H12N4), etc., see
Solar System Ices (1995), Bernstein et al. (1995); Gerakines et al. (1996); Mun˜oz
Caro et al. (2002); Munoz Caro & Schutte (2003), (2009); Dartois et al. (2005a);
Das & Chakrabarti (2011); Ciesla & Sandford (2012), and references therein
These icy mantles represent the transient interface between gaseous and
solid phases. But the mantle composition does not reflect gas phase composi-
tion or abundances. Differences in relative sublimation rates and chemical re-
activities, complicated by photochemical processing, produce ice compositions
strikingly different from the gas. Indeed, as mentioned above, new compounds
are formed when reactive gaseous species condense on the grain surfaces and
the ices are energetically processed by UV-photons and cosmic rays.
1.2 Cometary Ices
Comets are considered as the most primitive objects in the Solar System. The
composition and the structure of cometary nuclei contain a record of the pri-
mordial solar nebula at the time of their formation. Cometary nuclei are made
of refractory solids and frozen volatiles. The composition of the volatile com-
ponent is thought to be similar to that observed in dense molecular clouds.
Observations tend to support a close relationship between cometary materials
and interstellar icy grain mantles. In comets, the composition of the volatile
ices is largely dominated by H2O ice (about 70-90%) while other major com-
ponents include CO, CH3OH, CO2, and H2CO, see Table 1.2. Comets are also
thought to have been a major source for the volatile ices on planetary bodies.
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Table 1.2. Detected molecules in cometary interstellar, and circumstellar ices. The
abundances are expressed in percent relative to H2O. Adapted fromMumma& Charn-
ley 2011.
Molecule Comets Quiescent Low-mass Massive
dense clouds protostars protostars
CO 0.4-30 9-36 0-100 3-50
CO2 2-30 15-44 2-68 4-23
CH4 0.4-1.6 <3 2-8 0.4-1.9
CH3OH 0.2-7 5-12 1-30 5-30
H2CO 0.11-1 — ∼ 6 1-3
HCOOH 0.06-0.14 ∼ 2 1-9 3-7
NH3 0.2-1.4 <6-9 2-15 5-15
HNCO 0.02-0.1 <2 <0.9 0.3-6
H2S 0.12-1.4 <1-4 — <0.3-1
OCS 0.1-0.4 <0.2 — 0.04-0.2
Thus, cometary ices constitute a link between interstellar and solar systemma-
terials, see Mumma et al. (1993), (2011); Greenberg & Li (1999); A’Hearn et
al (2012); Mun˜oz Caro et al. (2012). Comets are exposed to a variety of ener-
getic processes, such as heating by passing stars, erosion, and irradiation by
energetic photons and charged particles, during their evolution beyond and
within the star region. These processes are thought to modify the outer layers
of the cometary nuclei while leaving the deeper layers unprocessed. The effect
of UV photo-processing intervenes here at two stages. First, in the chemical
alteration of the pre-cometary (interstellar) ices prior to their accretion to form
cometary nuclei and, second, in the alteration of the outermost layer (at least
200 nm) of the final cometary nuclei (Solar System Ices 1995; Greenberg & Li
1999; A’Hearn et al 2012, and references therein).
1.3 Planetary Ices
The composition of the volatile species condensed on planetary surfaces has
been determined through spectroscopic observations primarily in the near and
mid infrared ranges (Roush et al. 1995; Cruikshank et al. 2006; Cruikshank
2008; Mumma & Charnley 2011; Ros & Johansen 2013; Whittet et al. 2013). So-
lar system ices are found primarily on the surface of the satellites of the outer
planets (Jupiter and beyond) as well as on the surface of Pluto. In one case
(Saturn), ring particles are known to be coated with water ice. Moreover, with
the noticeable exception of the surfaces of Triton and Pluto on the one hand
-which are covered with carbon and nitrogen containing ices- and the surface
of Io, on the other hand, which is dominated by sulfur containing ices, all iden-
tified surface ices consist primarily of water ice (Salama et al. 1990; Cuzzi 2011,
and references therein), see Table 1.3.
Planetary surface ices are processed through their exposure to solar pho-
tons and charged particles as well as to cosmic rays. In the case of atmosphere-
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less bodies with multicomponent surface ices (i.e., ices known to include more
than one volatile component) where a substantial fraction of the incoming so-
lar photon flux reaches the surface, UV photolysis should lead to the formation
of new radicals and molecules in the outer layers of the surface ices. In most
cases, however, the surface ices are largely dominated by a single component
while the other components are only present as trace materials. Surface ices of
solar system objects are also processed through their exposure to solar wind
and planetary magnetospheric particles as well as to galactic cosmic rays. Lab-
oratory simulation experiments on cosmically abundant ices (H2O ices mixed
with small amounts of hydrocarbons, such as CH4, C2H2, C2H4, C2H6, and/or
with NH3) have shown that ices exposed to ion bombardment darken upon
irradiation. This effect, which occurs for doses corresponding to short plane-
tary irradiation time has been attributed to the formation of complex organic
residues (see, e.g. Thompson et al. 1987; Khare et al. 1989, 1993; Solar System
Ices 1995).
1.4 Spectroscopic techniques
Spectral features observed in astronomical spectra generally trigger specific
laboratory studies oriented towards their identification. Preliminary spectro-
scopic analysis of observations using the currently available laboratory spec-
tra, together with astrochemical constrains, help to define which molecule,
in which mixtures (if any), and at which temperatures, should be studied in
the laboratory to provide the spectra needed for a more detailed spectroscopic
analysis (mainly based on the frequency and general shape of the bands). Sev-
eral iterations with the laboratory may be necessary to refine the identification
of the physical states (abundance, temperature, distributions, ...), mainly based
on the precise modeling of the shape of all the bands and on their absolute and
relative intensities. Finally, the consistency of the physical state of the sam-
ples that provided the optical constants used in the model should be checked
against the physical state of the ices derived by the modeling.
Photo-chemistry deals with physical and chemical change initiated by the
interaction of light with amolecule. Chemical change occurswhen themolecule
is raised to an excited electronic state processing more than sufficient energy
to break the weakest bond in the molecule. This mechanism is different from
the mechanisms involved in thermal reactions. In thermal reactions, molecules
in their electronic ground state are vibrationally excited by collisions until suf-
ficient energy is accumulated in the molecular bond to be broken. Since bond
dissociation energies range from about 1 eV to more than 11 eV in the most
common molecules, photo-chemistry is traditionally associated with ultravio-
let, visible and near infrared photons, i.e., light wavelengths from below 113 to
about 1240 nm, see Fig. 3.3. This is, of course, in the context of a one photon
absorption process. Higher energy photons (X-rays and γ-rays) capable of in-
ducing a modification in the core electronic distribution and/or in the nuclei
configuration of the molecules are associated with radiolysis processes. Lower
energy photons (infrared and microwave wavelengths) affect the vibrational
and rotational energies of molecules and do not carry enough energy to induce
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Table 1.3. Planetary ices in the outer solar system. Adapted from Roush et al. 2001.
Object Molecular Constituents
Jovian satellites
Io SO2, SO3, H2S?, H2O?
Europa H2O, SO2, SH, CO2, CH, X≡CN,
hydrous sulgate and carbonate salts, H2O2, H2SO4
Ganymede H2O, SO2, SH, CO2, CH, X≡CN,
hydrated and hydroxylated minerals, O2, O3
Callisto H2O, SO2, SH, CO2, CH, X≡CN,
hydrated and hydroxylated minerals
Saturnian satellites
Mimas H2O
Enceladus H2O
Tethys H2O
Dione H2O, C, HC, O3
Rhea H2O, HC?, O3
Hyperion H2O
Iapetus H2O, C, HC, H2S?
Phoebe H2O
Rings H2O
Uranian satellites
Miranda H2O, NH3 hydrate, hydroxylated silicates
Ariel H2O, OH?
Umbriel H2O
Titania H2O, C, HC, OH?
Oberon H2O, C, HC, OH?
Neptuniansatellites
Triton N2, CH4, CO, CO2, H2O
Pluto N2, CH4, CO, H2O
Charon H2O, NH3, NH3 hydrate
Trans-Neptune objects H2O, HC ices (e.g., CH4. CH3OH), HC, silicates
chemical changes. The ultraviolet-visible-near infrared region of the spectrum
is produced practically entirely from stars of various sorts. The middle- and
far-infrared region is produced entirely from dust, either warm (in circumstel-
lar shells) or cold.
The twomain molecular transitions affecting the spectra of solid samples in
this work are in order of increasing energy: vibrational and electronic. Ultravi-
olet photons are required for electronic transitions to take place; and infrared
photons cause vibrational excitations. In addition, quadrupole mass spectrom-
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etry was performed to monitor the gas phase.
1.4.1 VUV-spectroscopy
The transitions of electrons between orbitals within amolecule can be observed
using ultraviolet photons with energies of a few eV (such as the Ly-α atomic
hydrogen excitation with an energy transition of 10.2 eV - 121.6 nm). The fea-
tures seen in electronic spectra often correspond simply to electronic excita-
tions but, if the electron is excited to an anti-bonding orbital, they can also
be associated with molecular dissociation. The presence of (or lack of) vibra-
tional fine structure in the spectrum can also provide a great deal of informa-
tion about the phase of an ice sample.
Figure 1.8. Effects of the Franck-Condon principle on electronic spectra. Image made
by the autor using and in-house IDL code.
Gas phase spectra are dominated by fine structures, corresponding to vi-
brational transitions over-laying the broad electronic transitions. As such, an
important aspect of electronic spectroscopy in the gas phase derives from the
Franck-Condon principle. The effect of this principle on the electronic struc-
ture of molecules is shown in Fig. 1.8. If the internuclear separation remains the
same between the electronic states the transition goes to the lowest vibrational
level of the excited state, causing this vibrational feature to be the strongest
in the electronic spectrum, see Fig. 1.8A. In Fig. 1.8B, there is an increase in
internuclear separation from the ground state to the excited state, causing the
most likely transition to occur to the ν’=2 level. In each of these cases, some
transitions will occur to other levels, resulting in a vibrational progression as
shown. If there is amuch graeter intermolecular separation between themolec-
ular nuclei in the excited state, as in Fig.1.8C, the most likely transition will be
to a higher vibrational level. If the excitation energy is slightly higher than this
the molecule will be excited with an energy high enough that it can dissociate,
causing a continuum feature to be observed in the spectrum. The continuum is
present due to the lack of quantisation in the kinetic energy of the dissociated
molecular fragments.
In the solid phase, differences in the interactions between molecules can
strongly affect the resulting UV-spectra. At extremely low temperatures (≤
10 K) almost all molecular samples solidify into an amorphous structure in
which individual molecules have random orientation (there is no long-range
order). Molecular rotation is suppressed and all vibration excitations in the
amorphous solid have slightly different energies to each other due to this ran-
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dom orientation, contributing to an overall broadening effect in the vibrational
fine structure. As such, the spectra of amorphous solid ices display only the
broad electronic transitions and very little or no fine structure. However, the
transitions are often not as strong as those observed in gaseous samples.
Another important difference can occur in ices in which hydrogen bonding
takes place. Hydrogen bonds between molecules such as water and ammonia
lower the ground state energy of each molecule, increasing the energy change
in transitions to or from the ground state. This results in an overall blue-shift
in the electronic spectrum of up to around 2 eV, dependent on the strength of
the hydrogen bonding between molecules.
There are two forms of simple electronic excitation: the valence and Ry-
dberg transitions. They are both caused by the promotion of an electron to
a higher energy orbital and so produce similar spectral features. However,
whereas a valence transition involves the promotion of an electron to the va-
lence orbital, in a Rydberg transition the electron is promoted to an orbital with
a grater quantum number than any of those occupied in the ground state. In
gaseous samples, this does not result in a significant difference, but solid phase
samples, with their smaller intermolecular separation, the larger physical size
of the Rydberg state means that they are more susceptible to perturbation than
in the gas phase. This can either result in a broadening of vibrational fine struc-
ture and a small (around 0.2 eV) additional blue-shift of the spectral band, or
the complete suppression and removal of the Rydberg excitation from the elec-
tronic spectrum of the ice, depending on the ice being studied.
An important parameter for interstellar ices is the UV absorption cross sec-
tion. This indicates how many photons per molecule per wavelength an ice
layer can absorb. The Beer-Lambert law is used to calculate this parameter
I(λ) = I0(λ)e
−σλN → σλ = −
1
N
ln
[
I(λ)
I0(λ)
]
(1.1)
where the UV-absorption cross section in cm2, σλ, is a function of the ra-
tio of initial, I0(λ), and absorbed, I(λ), intensities and the column density N
in cm−2. The quantity σλ N is also called the optical depth or opacity. The
UV-absorption cross section of the ice can be used to convert the photodestruc-
tion and photodesorption rates, expressed in molecules per incident photon,
to molecules per absorbed photon, which provides fundamental information
about these processes (see the books edited by Simons 1979 andWhite 1965 for
more details).
1.4.2 FTIR-spectroscopy
Lower energy infrared photons are only able to induce vibrations in the sam-
ple and so produce vibrational spectra, with rotational fine structure in the
gas phase (rotation is hindered in the solid phase and so rotational fine struc-
ture is not observed). An important aspect of vibrational spectroscopy is that
the dipole moment of the molecule must change during the vibration for the
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feature to be observable. This factor rules out a number of important transi-
tions, including most homonuclear diatomic vibrations (such as oxygen and
nitrogen) and the ν1 symmetric stretch of carbon dioxide. In this energy re-
gion spectra are often classified by wavenumber (units of cm−1) in the range
of 500-4000 cm−1 (2.5-25 µm) but conventionally plotted with energy decreas-
ing. Most spectroscopy in this region is carried out using Fourier Transform
techniques. Rather than scanning through the entire energy range, an interfer-
ometer is used to generate an interferogram of the sample. A large number of
these scans can be acquired rapidly, with more scans providing an enhanced
signal-to-noise ratio. Fourier transforms are carried out by a computer to com-
bine the interferograms as they are acquired, forming the complete vibrational
spectrum.
Vibrational features for each molecule are identified by their energy. Con-
ventionally, vibrations are labelled by decreasing frecuency within their sym-
metry type. Using water as an example, the symmetric vibrations are labelled
ν1 and ν2 for stretching and bending respectively (at 3651.7 cm
−1 and 1590.0
cm−1 in the gas phase) and the anti-symmetric stretch is labelled ν3 (at 3755.8
cm−1). Vibrational overtones may also appear in the spectrum due to devia-
tions in the vibrations from simple harmonic motion; these are denoted by 2νi,
3νi, etc, see Fig. 1.9. At infrared wavelengths, the vibrational bands of both
gas-phase and solid-state material can be detected, including those of symmet-
ric molecules like CH4 and C2H2. Themost abundant molecule in the universe,
H2, also has its primary rotational transitions at mid-infrared wavelengths (see
the book of Stuart 2004 for more details).
Figure 1.9. Vibrations present in the H2O molecule. The dipole moments change
in the direction of the movement of the oxygen atoms as shown by the arrows.
As the H-atoms are light, the vibrations have large amplitudes. Adapted from
lsbu.ac.uk/water/vibrat.html.
1.4.3 Mass spectrometry
Mass spectrometry is performed using aQuadrupoleMass Spectrometer (QMS).
It determines the mass of a molecule by measuring the mass-to-charge ratio
(m/z) of its ion. Ions are generated by inducing either the loss or gain of a
cherge from a neutral species. Once formed, ions are electrostatically directed
into a mass analyzer where they are separated according to m/z and finally
detected. The result of molecular ionization, ion separation, and ion detection
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is a spectrum that can provide molecular mass and even structural informa-
tion. All mass spectrometers need a vacuum to allow ions to reach the detector
without colliding with other gaseous molecules or atoms. If such collisions did
occur, the instrument would suffer from reduced resolution and sensitivity.
Temperature-programmed desorption (TPD) techniques are important me-
thods for the determination of kinetic and thermodynamic parameters of des-
orption processes or decomposition reactions. A sample is heated with a tem-
perature program β(t) = dT/dt (with the temperature T usually being a linear
function of the time t) and the partial pressures of atoms and molecules evolv-
ing from the sample are measured, e.g. by mass spectrometry.
Quadrupole Mass Spectrometer (QMS)
The QMS consists of three components, (i) the ion source with electron impact
ioniser and ion extraction optics, (ii) the actual quadrupole analyser consisting
of four cylindricaly rods, and (iii) the ion detector (electron multiplier). The
ions are generated by electron impact ionisation. Free electrons are formed
by thermal emission from an electrically heated tungsten filament. Thermal
electron emission can be described by the Rychardson-Dushman equation
J = Ce−
Phi
kT (1.2)
with J the current density of emitted electrons, C a constant (independent
of the filament material), T the temperature and Φ the work function of the
filament material. It is intuitive to see that the emission current increases with
the temperature.
The emitted electrons are accelerated by a potential difference between the
filament and the grid, see Fig 1.10. Ionisation takes place in the area between
grid and aperture, which are at approximately equal potentials. The tempera-
ture of the filament is in the range around 2500 K. The emitted electrons have a
certain kinetic energy distribution due to the temperature of the filament, but
also due to the electrical potential drop across the heated filament. The energy
distribution is typically in the range 2 eV.
Figure 1.10. Parts of a quadrupole mass spectrometer. Adapted from the lecture notes
of Sven L. M. Schroeder & Michael Gottfried.
The quadrupole analyser consists of four cylindrical rods, arranged sym-
metrically at a distance r0(x,y) around the optical axis z of the system. Op-
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posite rods are electrically connected. The voltage applied to the two pairs of
opposite rods can be expressed as
V1 = U + V cos(ωt)V2 = −(U + V cos(ωt))
with a constant component U and a radiofrequency component V cos(ωt).
In the (x,y)-plane (perpendicular to the quadrupole axis) the potential at any
point between the rods is
Φ(x, y) =
(U + V cos(ωt))
(
x2 − y2
)
r20
. (1.3)
The differential equations ofmotion for an ion in such a potential are known
asMathieu equations. Their analysis reveals that for a given ion (m/z) only cer-
tain values of U and V result in stable oscillatory trajectories, while for other
values of U and V the amplitude of the oscillations increases exponentially, so
that the ion will strike a rod and lose its charge (all quadrupole analysis has
been adapted fromm the lecture notes of Sven L. M. Schroeder & Michael Got-
tfried 2002).
Note that particles are separated according to their mass/charge ratio m/z;
doubly ionised particles thus appear in the spectrum at half their molecular
mass, triply charged ions at one third, etc. By this method, molecules with
molecular masses of over 1000 can be detected even if the mass spectrome-
ter has a maximum range of, e.g., 300 amu. Apart from the isotope pattern
of the molecular ion, one can also observe products of ion fragmentation pro-
cesses. The simplest way of detecting ions or electrons is via the detection of
their charges. In simple quadrupole mass spectrometers the ions hit a metal-
lic collector cone (Faraday cup) and the charge transferred is recorded using
an electrometer preamplifier, which can detect currents down to the pA-range.
For even lower ion currents (i.e., for less than 107 ions per second), one uses
secondary electron multipliers or channeltron multipliers.
The fragmentation of molecular ions into an assortment of fragment ions
often provides a clue to the molecular structure, but if the molecular ion has a
lifetime of less than a few microseconds it will not survive long enough to be
observed. The complexity of fragmentations patterns has led to mass spectra
being used as “fingerprints” for identifying compounds. Since a mass spec-
trometer separates and detects ions of slightly different masses, it easily distin-
guishes different isotopes of a given element.
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Chapter 2
Technical description of ISAC and experimental
protocol
2.1 Technical description of ISAC
The Interstellas Astrochemistry Chamber (ISAC) is a ultra-high-vacuum (UHV)
set-up dedicated to the study of solids (ice mantles, organics, and silicates) in
simulated interstellar and circumstellar environments. It is used to character-
ize their physico-chemical properties and monitor their evolution as caused by
(i) vacuum-UV irradiation; (ii) cosmic ray irradiation; and (iii) thermal pro-
cessing. A cartoon image of ISAC is shown in Fig. 2.1. The set-up has a ver-
tical configuration, consisting of two chambers: the main chamber, where gas
deposition onto a substrate located at the tip of a cold finger from a closed-
cycle helium cryostat, and irradiation of the formed ice layer takes place, and
a prechamber separated by a valve from the main chamber. The prechamber
allows the introduction or extraction of samples by lifting up the cryostat, with
no need to break the vacuum in the main chamber. The main chamber has two
levels. The sample holder with the substrate, usually an infrared transparent
window, placed at the cold finger, is at the upper level, where it is intersected
by the beam of the FTIR spectrometer and irradiated by the UV lamp which
energy spectrum is monitored using an UV-spectrophotometer. There is also a
QMS at the upper level for monitoring the volatiles. A schematic view of the
upper level is shown on Fig. 2.3, with the sample holder at the deposition posi-
tion. Rotation of the sample holder by 90o is required for FTIR spectrometry of
the sample. The lower level is where the pumps are located, the pressureme-
ters and the Raman spectrometer. The base pressure at room temperature in
the main chamber is 3-4 × 10−11 mbar, thanks to the combination of a series of
UHV pumps. The samples can be cooled down to 8 K and warmed up to 400 K
using a closed-cycle helium cryostat and a tunable heater, that in combination
with the QMS of the main chamber, allows temperature programmed desorp-
tion (TPD) experiments of ices.
A gas line monitored by a second QMS is attached to the main chamber
for controlled deposition through the deposition tubes. The gas line consists
of a novel design that allows the preparation of gas mixtures containing up to
5 different species. The ISAC set-up components are described in more detail
below.
• Prechamber for sample introduction: A small chamber is on top of the
main chamber separated by a hydraulic VAT valve. The samples are in-
troduced and extracted from the set-up via the prechamber with no need
to break the UHV in the main chamber. This is done by vertical trasla-
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Figure 2.1. Schematic cartoon of the ISAC experimental set-up.
tional movement of the cold finger, where the sample holder is located.
It consists of:
– Fast entry lock.
– Pumping system: Independent from that of the main chamber. It
reaches a pressure of about 10−9 mbar. It supports the pumping sys-
tem of the main chamber when the valve connecting the two cham-
bers is open. It consists of a turbomolecular pump (TMP) with a
pumping capacity of 220 l s−1 backed up by a rotary pump, and a
titanium sublimation pump (TSP).
– Cold finger with sample holder connected to a closed-cycle-He-cry-
ostat by two gold rings. The sample holder is mounted on a tube
that can be rotated by 180o and moved traslationally to place sam-
ples in themain chamber. The temperature range is between 8 K and
400 K at the sample position. The sample holder is covered by a radi-
ation shield, see Fig. 2.2, for thermal isolation. The radiation shield
has two holes of ∼ 2.5 × 3.5 cm size to allow FTIR spectroscopy in
transmittance and the UV irradiation of the sample.
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• Main chamber: where ice deposition and irradiation takes place. The
interior of the chamber is covered by Mu-metal (nickel-iron alloys: 70 %
nickel, 16 % iron, 5 % copper and 2 % chromium or molybdenum) in or-
der to isolate it from external magnetic fields. The UV lamp is positioned
in front of the deposition substrate so that the sample is irradiated ho-
mogeneously, see Fig 2.2. A cylindrical quartz tube of 10 mm diameter,
placed between the lamp and the sample holder, acts as an optical guide
to maximize the flux, given in UV photons cm−2 s−1, at the sample po-
sition. A UV spectrophotometer is mounted on the opposite side of the
main chamber to allow in situ monitoring of the UV flux. A Bayer-Alpert
pressuremeter measures pressures in the 10−11 mbar range. The resulting
ices can be analyzed in situ as they grow by reflectance FTIR and Raman
spectroscopy. The characteristics of the deposition or main chamber are:
– Pumping system: The combination of a series of UHV pumps is
aimed to obtain a base pressure down to 2.5 × 10−11 mbar. It con-
sists of:
∗ TMPwith a pumping capacity of 550 l s−1. The pump is backed
up by a second TMP and a rotary pump.
∗ TSP.
∗ Non-Evaporable Ion Getter (IGP) pump.
– VacuumUV lamp: The UV source is a F-typemicrowave discharged
hydrogen flow lamp (MDHL), fromOpthos Instruments. The source
has a UV-flux of ≈ 2 × 1014 cm−2 s−1 at the sample position. The
mean photon energy in the 114-183 nm (10.87-6.77 eV) range is Eph =
8.64 eV. The UV source is separated from the vacuum chamber by a
MgF2 window. Using the x-y manipulator, the sample holder can be
positioned in close contact to a quartz tube acting as a light guide.
That way, the circular spot size of the UV flux at the sample position
has a diameter slightly larger than the 10 mm diameter of the quartz
tube, which corresponds roughly to the size of the 13 mm diameter
infrared transparent window where ice deposition takes place, see
Fig. 2.2. The UV lamp requires a simple circuit where hydrogen cir-
culates from a hydrogen bottle to the lamp and it is pumped by a
roughing pump. The working pressure in our experiments is 0.40 ±
0.02 mbar. A microwave generator with a 100 W power is used to
excite the hydrogen. The Evenson cavity of the lamp is refrigerated
with air. The UV photon spectrum of this hydrogen-lamp resem-
bles that of the diffuse interstellar UV field (Jenniskens et al. 1993,
Mun˜oz Caro & Schutte 2003), see Fig. 2.5. The main emission bands
are Ly-α at 121.6 nm (10.20 eV) and the molecular hydrogen bands
centered at 157.8 nm (7.85 eV) and 160.8 nm (7.71 eV), respectively,
for a hydrogen pressure of 0.4 mbar.
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Figure 2.2. Main chamber of ISAC showing the deposition/irradiation scenario. The
radiation shield prevents the fluctuation in the temperature, left. The quartz tube
enables the irradiation of the sample exactly in the window area with no irradiation
spreading all over the chamber, right. Left picture is in the irradiation position while
the right one is in the FTIR spectrum position.
– Analytical techniques: provide the in situ characterization of the
samples during the deposition/irradiation and warmup. Fourier-
transform infrared (FTIR) spectroscopy provides the ice composi-
tion and aids the characterization of the more refractory products
observed at room temperature. Due to the different selection and
excitation rules, Raman spectroscopy allows the detection, general
characterization and determination of the structure of organic mat-
ter, even at cryogenic temperatures. The quadrupole mass spec-
trometer (QMS) provides the in situ detection of volatiles produced
during warmup of the ice and serves to control the gas deposition.
A vacuum ultraviolet (VUV) spectrometer is used to monitor the
flux of the UV lamp and to measure the sample absorption in that
spectral range.
∗ Transmittance FTIR spectroscopy: Using a Vertex 70 Bruker
spectrometer, equipped with a DTGS detector working in the
7500 to 370 cm−1 (∼ 1.3 to 27 µm) spectral range. The main
vibrational molecular modes are commonly observed in that
range. The infrared beam goes across themain chamber through
two ZnSe windows. Other than the identification of ices and
products it allows abundance quantification, while being a non-
destructive technique. Enables direct comparison with astro-
nomical spectra. Far infrared spectroscopy is also possible, down
to about 100 cm−1 (100 µm). For this a different DTGS detector
is used. The beam splitter is replaced by a Si beam splitter and
the ZnSe windows by diamond windows.
∗ Quadrupolemass spectrometry (QMS): Pfeiffer Prisma ofmass
spectral range from 1 to 200 amu with a channeltron detector. It
serves for the detection of molecules ejected from the ice surface
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into the gas phase and to measure the residual gas composition.
It is also used to monitor the ice deposition and to perform TPD
experiments.
∗ Vacuum Ultraviolet (VUV) spectrometry: The VUV-spectrum
is measured routinely in situ during the irradiation experiments
with the use of a McPherson 0.2 meter focal length VUV mono-
chromator (Model 234/302) with a photomultiplier tube (PMT)
detector equipped with a sodium salicylate window, optimized
to operate from 100-500 nm (11.27-2.47 eV), with a resolution of
0.4 nm.
– Gas line: Allows the preparation of gas mixtures for deposition. A
mixture of a maximum of 5 components can be prepared in the gas
line. The design of a gas line for the preparation of a complex gas
mixture under controlled conditions, containing H2O and CH3OH
vapors and three gas components, commonly CO, CO2, and CH4,
was an important challenge. This was accomplished using electri-
cal valves to control the entrance of the individual components and
working dynamically at a total pressure below 1 mbar, thus ensur-
ing laminar flow conditions. The electrical valves are activated ac-
cording to the partial pressures measured by a QMS (Pfeiffer Prisma
of mass spectral range 1–100 amu with a Faraday detector), that
is connected to the gas line. Either CH3OH or H2O are deposited
manually into the gas line, and the other components are deposited
proportionally to the amount of CH3OH or H2O in the gas line.
The QMS monitors the composition of the gas mixture at any time.
When the desired composition of the gas mixture is obtained, the
deposition tube is opened through a needle valve and the gas en-
ters the main system, accreting onto the substrate window at 8 K
and forming an ice layer. In addition, there is a second deposition
tube for the deposition of corrosive gases, like NH3 and H2S, into
the main chamber.
2.2 Experimental protocol
The experimental protocol that is described below corresponds to a deposi-
tion/irradiation experiment for the simulation of icy grain mantle processing
in the interstellar/circumstellar medium. It comprises the following steps:
• In the prechamber compartment, while the valve between the precham-
ber and the main chamber is closed, an infrared transparent window (CsI
or KBr) is fixed on the tip of the cryostat. The infrared window serves as
the substrate for the deposition. Afterwards, the fast entry lock is closed
and the prechamber is evacuated.
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• Once the vacuum in the prechamber is of the order of 10−9 mbar, the
valve connecting the prechamber to the main chamber is opened. The
base pressure in the main chamber should be around 4 × 10−11 mbar
and the cryostat is moved downwards so that the substrate is on the de-
position/irradiation position.
• A gas mixture for deposition is prepared in the gas line. Pre-Deposition
is started, with the substrate at room temperature, to calibrate the flow
of the deposition and set the valve positions that correspond to the de-
sired gas flow. The Langmuir relation provides an approximation of the
number of ML of ice deposited as a function of the gas pressure and the
deposition time, assuming a sticking coefficient equal to unity, which is
valid for cryogenic temperatures around 8 K. One Langmuir (1 L) corre-
sponds to the deposition of 1 ML, and is given by 1 L = 10−6 Torr s.
Figure 2.3. Scheme of the main chamber of ISAC. The UV-light intersects three MgF2
windows before it enters the UV-spectrometer, but the emission spectrum that the ice
experiences corresponds to only one MgF2 window absorption, the one between the
UV-lamp and the ISAC main chamber.
• The cryostat is turned on and the temperature reaches 8 K. The valve
connecting the gas line with the main chamber is opened, at the position
determined during the pre-deposition, to start the deposition. The depo-
sition time is estimated depending on the goal of the experiment and the
column density desired. During the deposition the ice layer can be irra-
diated with photons and/or ions. At different intervals, the cryostat can
be rotated 90o to perform transmittance FTIR spectroscopy of the ice, see
Fig. 2.3. The column density of the deposited ice is calculated according
to the formula
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N =
1
A
∫
band
τνdν (2.1)
where N is the column density in cm−2, τν the optical depth of the band,
dν the wavenumber differential in cm−1, and A the band strength in cm
molecule−1. The integrated absorbance is equal to 0.43× τ , where τ is the
integrated optical depth of the band. The adopted band strengths for the
different molecules are summarized in Table 2.1. Raman spectroscopy
can be done at the deposition/irradiation position of the sample. QMS
monitors the gas phase molecules during the deposition and irradiation.
Table 2.1. Band strengths and positions of the molecule IR vibrational modes used in
this work.
Vibrational mode Band strength
Molecule position
[cm−1] [cm molecule−1]
H2O 3290 1.7 × 10
−16 a
1650 9.1 × 10−18 a
D2O 2413 1.0 × 10
−16 a
1216 4.9 × 10−18 a
CH3OH 1026 1.8 × 10
−17 b
CD3OD 973 7.0 × 10
−18 b
CO 2139 1.1 × 10−17 c
13CO 2092 1.3 × 10−17 d
CO2 2343 7.6 × 10
−17 e
13CO2 2283 7.8 × 10
−17 d
CH4 1304 6.4 × 10
−18 f
NH3 1067 1.7 × 10
−17 f
H2S 2544 2.0 × 10
−17 g
aCruz et al. 2013a; bCruz et al. 2013b; c Jiang et al. 1975; dGerakines et al. 1995;
eYamada & Person 1964; fd’Hendecourt & Allamandola 1986;
gJime´nez-Escobar & Mun˜oz Caro 2011.
• Once the deposition/irradiation is completed, the warmup can be started
following a linear heating ramp from 0.1-10 K min−1. QMS is used for
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the detection of volatiles during warmup, while FTIR and Raman spec-
troscopy are employed to monitor changes in the ice composition and
structure.
• At room temperature, the cryostat is pulled up, the substrate with the
refractory organic residue is now in the prechamber, which is isolated
from the main chamber closing the VAT valve, so that the sample can
be extracted from the set-up without breaking the vacuum in the main
chamber. The organic residue, obtained from irradiation and warmup of
the interstellar/circumstellar ice analog, can be analyzed ex situ by other
techniques.
2.3 UV-lamp Study
The interface between the UV-lamp and the vacuum chamber is a MgF2 win-
dow. The monochromator is located at the rear end of the chamber, separated
by another MgF2 window. This means that the measured background spectra,
i.e. with no ice sample intersecting the UV-light cone, are the result of the ra-
diation intersecting twoMgF2 windows. The emission spectrum, from 110-500
nm, is shown in Fig. 2.4. Grating corrections have been made for the VUV-
spectra in the range of 110-300 nm (11.27-4.13 eV) range.
Figure 2.4. Spectrum of the UV-lamp in the 110 to 500 nm range for two windows
intersecting the UV-light cone. The Ly-α band and the Lyman band system are indi-
cated, as well as the second order Ly-α band, the second order Lyman band system and
the Balmer series. It can be observed that the range between 116 to 183 nm contains
most of the VUV-emission.
The mean photon energy was calculated for the spectrum corresponding
to only one MgF2 window intersecting the UV-lamp emission, since that is the
mean photon energy that the ice sample experiences. This “one-window” spec-
trumwas measured by coupling the UV-lamp directly to the spectrometer with
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a MgF2 window acting as the interface, this spectrum is shown in Fig. 2.5. It
was observed that most of the energy emitted by the UV-lamp lies below 183
nm (6.77 eV) and the MgF2 window cutoff occurs at 116 nm (10.97 eV). The
mean photon energy in the 116-183 nm (10.68-6.77 eV) range is Ephoton = 8.64
eV. The main emission bands are Ly-α at 121.6 nm (10.20 eV) and the molecular
bands centered at 157.8 nm (7.85 eV) and 160.8 nm (7.71 eV) respectively for a
hydrogen pressure of 0.4 mbar, see Fig. 2.5.
Figure 2.5. UV-emission spectrum of MDHL in the 113 to 183 nm range. This spec-
trum corresponds to a measurement with one MgF2 window intersecting the emitted
UV-light cone. The spectrum experienced by the ice sample.
Some features in the 240-330 nm (5.16-3.75 eV) range were observed, cor-
responding to a second-order emission of the Ly-α and Lyman band system
that are not emitted by the lamp; these occur at twice the photon wavelength
because the incident light angle on the grating of the spectrometer is twice
compared to first order photons. In addition, the Balmer series of the H atom
is also observed in the 380-500 nm (3.26-2.47 eV) range. They are all identified
in Fig. 2.4.
Fig. 2.6 shows the VUV-absorbance of the MgF2 substrate as a function of
photon wavelength. It has a transmittance near 53% at a wavelength of 116.2
nm (10.68 eV). At Ly-α (121.6 nm) the transmittance is near 61%. The transmit-
tance increases to about 76% at the molecular emission region, i.e at 157.8 nm
and 160.8 nm. This transmission spectrum is similar to the one found in the
literature for the MgF2 window flange. For spectroscopic measurements the
light cone of the UV-lamp intersects with three MgF2 windows: the window
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between the UV-lamp and the main chamber, the substrate window where the
ice is deposited, and the window in front of the spectrometer, see Fig. 4.1. It
should be reminded that the UV-emission spectrum that the ice sample experi-
ences is that corresponding to prior intersection with only one MgF2 window,
black trace in Fig. 2.5, with a much stronger Ly-α peak.
Figure 2.6. UV-transmittance of the MgF2 substrate window. The window cutoff is
at 116 nm.
The absolute photon flux and the spectral distribution of the H2 lamp de-
pend on the applied microwave power and the H2 pressure (Chen et al. 2010).
Therefore, a set of three experiments was performed to calibrate the UV-lamp,
and to study how the Ly-α and the H2 molecular emission bands behave: i) the
H2 pressure was gradually increased from 0.1 to 6.0 mbar, ii) the microwave
power was changed from 55 to 90 W, and iii) the VUV-spectrum was moni-
tored during 3 hours to measure a possible decrease in the UV-photon flux.
These measurements were perfomed with a fixed PMT voltage of 2.69 V. It
is important to allow the UV-flux to stabilize before the measurement since it
was found that the flux is higher when the lamp is turned on and after about
30 minutes it decreases and remains constant during several hours. A more
detailed study of the UV-lamp emission can be found in Chen et al. ?.
2.3.1 Dependence of UV-emission spectrum with H2
pressure inside the lamp
Fig. 2.7 shows the dependence of the VUV-spectrum with the H2 pressure in-
side the lamp. An increase of the H2 pressure from 0.1 to 6.0 mbar leads to
the decrease of the Ly-α band at 121.6 nm. The H2 molecular emission bands
increase until an H2 pressure of about 0.7 mbar is reached; above that value of
the pressure these bands start to decrease. These trends are clearly observed in
Fig. 2.8.
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Figure 2.7. VUV-spectra for the different H2 pressure values. Left panel is centered
at the Ly-α band and right panel is centered at the main H2 molecular emission bands.
Figure 2.8. Peak intensity of two main bands as a function of the H2 pressure. The Ly-
α band (black trace) reaches its maximum near 0.2 mbar, while the strongest molecular
emission band at 160.8 nm (red trace) displays a maximum near 0.8 mbar. The data is
normalized.
2.3.2 Dependence of UV-emission spectrum with the
applied microwave power
Fig. 2.9 shows the increase in intensity of the UV-emission bands as a function
of increasing power from 55 to 90 W. Fig. 2.10 shows that the increase of the
intensity is linearly proportional to the microwave power applied. The inten-
sity of the Ly-α band increases at a rate of 7.2 pA W−1, whereas the intensity
of the bands at 157.8 and 160.8 nm increase at 12.0 pA W−1 and 15.0 pA W−1,
respectively. This means that the 160.8 nm band is about twice more sensitive
to the applied microwave power than the Ly-α band.
36 Chapter 2. Technical
Figure 2.9. VUV-spectra for the different values of the applied microwave power. Left
panel is centered at the Ly-α band and right panel is centered at the molecular emission
bands.
Figure 2.10. Peak intensity of the three main bands as a function of the applied mi-
crowave power. The intensity of the UV-emission bands is linearly proportional to the
increasing power. Red traces are the linear fits.
2.3.3 Dependence of UV-emission spectrum with
irradiation time
The MgF2 window acting as interface between the UV-lamp and the ISAC set-
up was regularly cleaned with powder before a new irradiation experiment
was started. The primary pump to make vacuum in the hydrogen circuit has
an oil filter and is located far from the UV-lamp, about 2 m away, to avoid oil
contamination in the UV-lamp. If the UV-lamp is not operating, the primary
pump is turned off.
The UV-emission was monitored during three hours (the maximum irradi-
ation time employed for most of the reported experiments) taking a spectrum
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every 10minutes. Fig. 2.11 shows that the intensity of the three main bands as a
function of irradiation time is rather constant. This is desired because it shows
that the effects of ice photoprocessing as a function of irradiation time are not
related to variations of the UV-emission spectrum, instead they are only de-
pendent on the VUV-dose. The constant intensity of our lamp flux agrees with
actinometry measurements reported in Jime´nez-Escobar & Mun˜oz Caro 2011.
Figure 2.11. Peak intensity of the three main bands as a function of irradiation time.
The UV-emission bands remain practically constant during the irradiation interval of
three hours.
2.4 Technical description of SICAL
As part of this thesis a 3 months research was held in Orsay, Fance. This can be
seen in chapter (a-CH) as a colaboration study. The equipment is described as
follow:
SICAL-X is a experimental set-up used to study the VUV irradiation of
deuterated and hydrogenated amorphous carbon (a-C:H, a-C:D), see Fig. 2.12.
It is mainly composed of a high-vacuum chamber, with a typical working pres-
sure of 2 × 10−8 mbar, reached using a turbomolecular pump. CsI and MgF2
windows allows the entry of IR and VUV beams, respectively. Amorphous
carbon is produced in a different set-up, SICAL-P, see Fig. 2.13. It is produced
as a thin film deposited on a ZnSe or MgF2 substrate. The substrate is cooled
down by a closed-cycle helium refrigerator. The coldest temperature achived
is about 10 K. The evolution of the film during irradiation is monitored using
FTIR spectroscopy with a resolution of 1 cm−1, in a spectral range covering be-
tween 7500 and 400 cm−1. Quadrupole mass spectrometry (QMS) is performed
to follow the evolution of gas phase molecules.
The hydrogenated and deuterated amorphous carbon films are prepared
performing Plasma-Enhanced Chemical Vapor Deposition (PEVCD), where rad-
icals and ions resulting from a low pressure radiofrequency plasma (2.45 GHz),
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Figure 2.12. Schematic description of SICAL-X. Adapted from Alata et al. 2013.
of CH4 or CD4 gases, are deposited on a substrate inside a previously evacu-
ated chamber. This method has been described previously by Godard (2011).
The typical deposition time required to produce a several micrometers thick
film is a few minutes. Once the film is produced it is immediately transferred
to the high-vacuum chamber.
Vacuum-UV photons are generated by a MDHL, using an Evenson cav-
ity coupled to a 2.45 GHz radiofrequency microwave generator. The hydrogen
pressure in the lampwas set to 0.75mbar, a pressure maximising the total num-
ber of photons which energy lies between 6.8-10.5 eV (120-180 nm). A metallic
diaphragm with diameter of 20 mm is placed 5 cm away in front of the MgF2
window to allow only the VUV-irradiation of the sample. A shutter is placed
between the MgF2 window and the sample to prevent it from VUV-irradiation
anytime desired.
The number of photon flux of the MDHL reaching the substrate is obtained
using an actinometry measurement method. A polyethylene film with a thick-
ness of 15 µm (Goodfellows) was used. This hydrocarbon polymer was cho-
sen because it is well studied under irradiation with similar VUV sources, see
Truica-Marasescu & Wertheimer (2005). VUV-irradiation gives rise to a new
absorption band at 965 cm−1 attributed to the formation of double bonds from
a trans-vinylene group (-HC=CH-). The evolution of this group is well cali-
brated and give access to the time dependent dose. Scaling the time dependent
formation of trans-viniline absorption band with the calibrated measurement
gives a photon flux of φ = 2.7× 1014 photon cm−2 s−1 at the substrate position.
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Figure 2.13. Top: Picture of SICAL-P during the production of and a-C:H film. Bot-
tom: Schematic description of SICAL-P. Adapted from Godard 2011.
40 Chapter 2. Technical
Chapter 3
Connection with astrophysics
3.1 The Interstellar Conditions
Molecular hydrogen, H2, comprises about 90 % of barionic matter in dark in-
terstellar clouds, followed by He and heavier elements. Fig. 3.1 shows the
main species present inside ISAC as background contamination; these would
be govenated by H2 followed by H2O, CO/N2, and CO2. The relative abun-
dances of these molecules with respect to H2 are provided. Inside the main
chamber of ISAC we have a pressure of 4 × 10−11 mbar at room temperature.
A rough estimation using the Loschmidt’s number, 2.687× 1019 particles cm−3
at 273 K and 1013 mbars, gives a number density inside the main chamber
of roughly 1 × 106 particles cm−3, close to the highest number density inside
dark clouds, 103-106 particles cm−3. It is important to note that, fortunately, the
main source of contamination in UHV chambers like ISAC is H2, which is also
the main component of dense interstellar clouds. Background water contam-
ination is an important problem in standard HU systems with P ∼ 10−7-10−8
mbar, but not in UHV systems like ISAC. This allows to keep the sample sur-
face clean during the duration of the experiments.
The most common experimental procedure used to study the UV photo-
chemistry of cosmic ice analogs in the laboratory is derived from the matrix
isolation approach (Pimentel, 1960). Detailed descriptions of this technique,
which has been applied succesfully to astrophysically-related issues over the
years, can be found in the literature (see, Section 1). Briefly, this procedure
consists on condensing a gaseous mixture of pure substances onto a substrate
cooled by a cryogenic cooler and maintained in a high or ultra-high-vacuum
chamber. The substrate can generally be kept at 4-15 K up to room temperature,
depending on the type of cryogen used. Once formed, the ice sample can be
UV photo-processed or bombarded with ions.
Photo-chemistry describes the chemistry caused by absorption of photons
in the ultraviolet to near infrared range. Ices are processed by exposure to var-
ious energetic sources which include, besides UV-photon irradiation, neutral
and charged particle bombardment. The relative importance of each of these
processes can be weighed in terms of the energy and the flux of the particles
impinging on the surface, see Table 3.1. The quantity that determine the de-
gree of processing in the icy surfaces is the energy deposited by the incoming
particles, for cosmic-rays in dense cores this energy is deposited in the form
of a secundary UV-field, see Gredel et al. (1989). Thus, as mentioned before
although the flux of photons is largely superior to the flux of cosmic rays pen-
etrating into a star-forming region, the amount of energy carried by the latter
can be order of magnitudes greater. It is good to notice that the UV-flux used
for laboratory research is about 1012 times higher than the UV-flux expected
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Figure 3.1. Contamination inside the main chamber of ISAC at room temperature
(black trace) and at cryogenic temperatures (red trace). The main mass fragments
present are m/z=1 (atomic Hydrogen from H2 fractionation inside the QMS), m/z=2
(molecular Hydrogen produced in the walls of the chamber), m/z=12 (Carbon com-
ing from CO and CO2), m/z=14 (atomic Nitrogen from N2 fragmentation), m/z=16
(atomic Oxygen from CO, O2 and CO2 fragmentation in the QMS), m/z=17 (OH
coming from H2O fragmentation), m/z=18 (H2O), m/z=28 (CO and N2), m/z=32
(O2), m/z=44 (CO2). The abundances are reduced considerably at cryogenic tempera-
tures. The main improvement is in the low abundance of background water (m/z=16,
17, 18). This enables ultra-high clean conditions to perform experiments. Abundances
are not calibrated due to QMS sensitivity for each mass.
Table 3.1. Cosmic ion and UV-fluxes in quiescent interstellar regions. Adapted from
Palumbo et al. 2008. Laboratory average values have been included as a comparison.
Region Proton flux UV-flux
[∼ 0.8-1.8 MeV] [∼ 3.87-123.98 eV]
[cm−2s−1] [cm−2s−1]
Diffuse 1.8 8×107
Dense 1.0 1.4 - 4.8×103
Laboratory 1010 - 1015 1014 - 1015*
*For laboratory experiments the effective UV-energy range is between
7.0-10.87 eV.
in dense cloud interiors. Dense cloud lifetime allows the photochemistry reac-
tions to be as slow as they can but laboratory experiments have to be perform
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in shorter lifetimes if you want to see any evolution due to the UV-irradiation.
This is an excuse to use a much higher UV-flux. Besides, O¨berg et al. (2009)
showed two experiments with different UV-flux (about a factor of four) but
same UV-fluence were identical within the experimental uncertainties. They
also mentioned that a UV-fluence of ∼ 1017 cm−2 will be comparable to the
UV-fluence in a cloud core after a million years with a UV-flux of ∼ 104 cm−2
s−1 (O¨berg et al 2009; Shen et al. 2004).
Table 3.2. Bond energy of the molecules used for this work. It is clearly seen that CO
and N2 can not be dissociated with the MDHL (mean energy of 8.6 eV).
Molecule Bond Energy
[eV]
CO (C–O) 11.1
N2 (N–N) 9.8
CO2 (O–CO) 5.5
O2 (O–O) 5.1
H2O (H–OH) 5.1
CH4 (H–CH3) 4.5
NH3 (H–NH2) 4.4
CH3OH (H–CH2OH) 4.0
H2S (H–SH) 3.9
The UV window extends from 20 to 400 nm (61.99-3.09 eV). It covers the
spectral domain where atoms have most of their resonance lines and where
simple ions and molecules have their fluorescence transitions. This is also the
region where most molecules and atoms are photodissociated and photoion-
ized, see Table 3.2. Microwave powered hydrogen discharge lamps are often
used as a source for VUV-irradiation. Their different physical shapes can de-
termine the emission spectrum of the lamp (Truica-Marasescu & Wertheimer
2005; Chen et al. 2010; Chen et al. 2013). The emission spectra of these UV-
lamps (depending on their shape) have a sharp Lyman α peak at 121.6 nm and
a 50 nmbroad component with amaximum at about 160.8 nm. Extreme ultravi-
olet (EUV) photons can excite molecules to their ionization continua and break
them into neutral an ionic fragments, and therefore some molecular species
maybe synthesized by EUV photoprocessiong, but not necessarily by VUV-
photons (Wu et al. 2002)
Fig. 3.2 shows two UV-spectra, the top panel displays the calculated spec-
trum of ultraviolet photons created in the interior of dense molecular clouds
by impact excitation of molecular hydrogen by cosmic-ray ionization by Gre-
del et al. (1989), the bottom panel shows the Hopkins Ultraviolet Telescope
(HUT) spectrum of the source IC 63 following a scattered light subtraction fit-
ted by two molecular hydrogen fluorescence models by France et al. (2005).
These two spectra are very similar to the VUV-emission spectrum given by our
MDHL, which means that we are recreating the secondary UV-field produced
by cosmic-ray ionization of H2 inside a shielded dense molecular cloud where
UV-photons (mainly Ly-α) emitted by nearby stars or proto-stars are absorbed
in the edge of the cloud, the so called photodissociation regions (PDRs). Part of
this UV-field is lost by the MgF2 window cutoff in the laboratory experiments,
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Figure 3.2. Top: Calculated spectrum of ultraviolet photons created in the interior of
dense molecular clouds by impact excitation of molecular hydrogen by cosmic-ray ion-
ization, adapted from Gredel et al. (1989) in the background. VUV-emission spectrum
of the MDHL used in this work, red foreground trace. Bottom: Hopkins Ultraviolet
Telescope (HUT) spectrum of the source IC 63 following a scattered light subtrac-
tion fitted by two molecular hydrogen fluorescence models, adapted from France et al.
(2005) in the background. VUV-emission spectrum of the MDHL used in this work,
black foreground trace.
this is why CO and N2 molecules can not be directly dissociated by a MDHL,
instead these molecules photodesorb making CO (N2 has no mid-infrared fea-
tures) a perfect molecule to study the photo-desorption process. Only about
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5 % of the UV-photons lead to product formation via excitation of CO: CO* +
CO→ CO2 + e
−, see Mun˜oz Caro et al. (2010). The interstellar radiation field
(ISRF) showed in Fig. 3.3 corresponds to the diffuse ISM and processes the
outer regions of dense interstellar clouds. Other popular UV-photon sources
include synchrotron facilities which can develop a monochromatic light with
higher photon doses.
Molecular hydrogen can be dissociated by radiation of wavelengths shorter
than 110.9 nm (11.18 eV) through the sequence of discrete absorption into the
vibrational levels of ν’ of the excited B1Σ+u electronic state, followed by emis-
sion into the vibrational continuum of the ground X1Σ+g electronic state. At
100.9 nm (12.28 eV), a similar process involving the excited C1Π+u state be-
comes energetically posible, cf. Dalgarno & Stephens (1970). These excitations
are known as the Lyman and Werner band systems respectively, which fall in
the VUV-region with main features near 110 nm (11.27 eV) and 160 nm (7.75
eV), see Sternberg (1989). The features around the 132-165 nm range belong to
the Lyman band system, see Table 2 of Sternberg (1989).
The problem of formation of molecules is enhanced by the fact that they can
be rapidly destroyed. Ultraviolet photodissociation occurs for most molecules
unshielded by grains in a few hundred years. Using a photodissociation cross-
section of approximately 10−21 m2 occurring over a bandwidth of approxi-
mately 10 nm, a flux of ultraviolet photons of about 1010 m−2 s−1 nm−1, gives
a lifetime of about 1010 s (≈ 300 yr). In denser regions molecules are shielded
fromUV-radiation, but may be subject to various chemical reactions which also
effectively destroy them on a short timescale (refere).
Controlled warm-up of the substrate allows one to study the effect of dif-
fusion on the compounds formed in the UV photo-processed ice sample. Ad-
sorption takes place when an attractive interaction between a particle and a
surface is strong enough to overcome the disordering effect of thermal motion.
When the attractive interaction is essentially the result of van-der-Waals forces
then physisoption takes place. Physisorptive bonds are characterised by disso-
ciation energies below approximately 0.52 eV. Chemisorption occurs when the
overlap between the molecular orbitals of the adsorbed particle and the sur-
face atoms permit the formation of chemical bonds, which are characterised by
dissociation energies typically exceeding those 0.52 eV. Note that chemisorp-
tion is often an activated process, i.e. the formation of a chemisorptive bond
requires that an activation barrier is overcome. A common feature of molecular
chemisorption is the weakening of intramolecular bonds that often lead to the
dissociation of the adsorbed molecule, see Fig 3.4.
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Figure 3.3. Top: Comparison of the general interstellar radiation field of Draine (1978)
with various stellar radiation fields scaled to have the same integrated intensity. Bot-
tom: The wavelength ranges where the photodissociation of some important interstellar
molecules occurs are indicated (adapted from van Dishoeck et al. 2011).
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Figure 3.4. Schematic potential diagram for the activated, dissociative adsorption of
a diatomic molecule X2 that approaches to a surface. Eq is the chemisorption energy,
Ep is the physisorption energy, EA is the activation energy necessary for the transition
from physisorption to chemisorption, and ED is the dissociation energy of the molecule.
The physisoption potential has been assumed to be a Lennard-Jones potential, whereas
chamisorption is described in this diagram by a Morse potential. Figure made using
an in-house IDL code.
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Part II
Ultraviolet spectroscopy
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Chapter 4
Vacuum-UV spectroscopy of interstellar ice
analogs. I. Vacuum-UV absorption cross sections
of polar ice molecules
G. A. Cruz-Diaz, G. M. Mun˜oz Caro, Y.-J. Chen, and T.-S. Yih
Submitted to A&A
Abstract
The Vacuum-UV absorption cross sections of most molecular solids present in inter-
stellar ice mantles with the exception of H2O, NH3, and CO2 have not been reported.
Models of ice photo-processing depend on the Vacuum-UV absorption cross section
of the ice to estimate the penetration depth and radiation dose, and in the past, gas
phase cross section values were used as an approximation. The aim is to estimate
the Vacuum-UV absorption cross section of molecular ice components. Pure ices com-
posed of CO, H2O, CH3OH, NH3, or H2S were deposited at 8 K. The column density
of the ice samples was measured in situ by infrared spectroscopy in transmittance.
Vacuum-UV spectra of the ice samples were collected in the 120-160 nm (10.33-7.74
eV) range using a commercial microwave discharged hydrogen flow lamp. The Vacuum-
UV absorption cross sections of the reported molecular ices are provided. Our results
agree with those previously reported for H2O and NH3 ices. Vacuum-UV absorption
cross section of CH3OH, CO, and H2S in solid phase have been reported for the first
time. H2S presents the highest absorption in the 120-160 nm range. Our method al-
lows fast and readily available Vacuum-UV spectroscopy of ices with no need to use
a synchrotron beamline. We found that the ice absorption cross sections can be very
different from the gas phase values, and therefore, our data will significantly improve
models simulating the vacuum ultraviolet photo-processing and photo-desorption of ice
mantles. Photo-desorption rates of pure ices, expressed in molecules per absorbed
photon, can be derived from our data.
4.1 Introduction
Ice mantles in dense cloud interiors and cold circumstellar environments are
composed mainly of H2O and other species such as CO2, CO, CH4, CH3OH,
and NH3 (Mumma & Charnley 2011 and ref. therein). Some species with no
permanent or induced dipole moment like O2 and N2, cannot be easily ob-
served in the infrared, but are also expected to be present in the solid phase
(e.g., Ehrenfreund & van Dishoeck 1998). The relative to water abundances of
the polar species CO, CH3OH, and NH3 are between 0-100%, 1-30%, and 2-
15%, respectively. In comets the abundances are 0.4-30%, 0.2-7%, 0.2-7%, and
∼ 0.12-1.4% for CO, CH3OH, NH3, and H2S, respectively (Mumma & Charn-
ley 2011 and ref. therein). We thus included H2S in this study because this
reduced species was detected in comets and is expected to form in ice man-
tles (Jime´nez-Escobar & Mun˜oz Caro 2011). In the coldest regions where ice
mantles form thermally induced reactions are inhibited. Therefore, irradia-
tion processes by UV-photons or cosmic-rays could play an important role in
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the formation of new species in the ice and contribute to the desorption of
ice species to the gas phase. Cosmic rays penetrate deeper in the cloud inte-
rior than UV-photons, generating secondary UV-photons by excitation of H2
molecules. This secondary UV-field will interact more intensively with the
grain mantles than direct impact by cosmic-rays (Cecchi-Pestellini & Aiello
1992, Chen et al. 2004). Vacuum-ultraviolet (VUV) photons have the power
to excite or dissociate molecules, leading to a complex chemistry in the grains.
The VUV-region refers to wavelengths from 200 nm to about 100 nm, since the
term extreme ultraviolet (EUV) is often used for shorter wavelengths.
The estimation of the VUV-absorption cross sections of molecular ice com-
ponents allows to calculate the photon absorption of icy grains in that range. In
addition, the VUV-absorption spectrum as a function of photon wavelength is
required to study the photo-desorption processes over the full photon emission
energy range. Photo-absorption cross sectionmeasurements in the VUV-region
were performed for many gas phase molecules. Results for small molecules
in the gas phase were summarized by Okabe (1978), but most of these cross
section measurements for molecular bands with fine structure are severely dis-
torted by the instrumental bandwidths (Hudson&Carter 1968). The integrated
cross sections are less affected by the instrumental widths, and approach the
true cross sections as optical depth approaches zero. Therefore, the true inte-
grated cross section can be obtained from series of data taken with different
column densities (Samson & Ederer 2000).
The lack of cross section measurements in solids has led to the assumption
that the cross sections of molecules in ice mantles were similar to the gas phase
values. In recent years the VUV-absorption spectra of solid H2O, CH3OH,
NH3, CO2, O2, N2, and CH4 were reported by Mason et al. (2006), Kuo et al.
(2007), and Lu et al. (2008). But the VUV-absorption cross sections were only
estimated for solid H2O, NH3, and CO2 (Mason et al. 2006). Furthermore, all
previous works have been performed using synchrotron monochromatic light
as the VUV-source, scanning the measured spectral range.
In the present work, we aim to provide accurate measurements of the VUV-
absorption cross sections of interstellar ice polar components including H2O,
CH3OH, NH3, CO, and H2S. The use of a hydrogen VUV-lamp, commonly
used in ice irradiation experiments, limits the spectroscopy to the emission
range between 120 and 160 nm, but it has several advantages: the measure-
ments are of easy performance and can be done regularly in the laboratory,
with no need to make use of synchrotron beam time. A second paper will be
dedicated to the non-polar molecular ice components including CO2, CH4, N2,
and O2. In Sect. 5.2 the experimental protocol is described. Sect. 6.3 provides
the determination of VUV-absorption cross sections for the different ice sam-
ples. The astrophysical implications are presented in Sect. 5.4. The conclusions
are summarized in Sect. 4.5.
4.2 Experimental protocol
The experiments were performed using the interstellar astrochemistry cham-
ber (ISAC), see Fig. 4.1. This set-up and the standard experimental protocol
were described in Mun˜oz Caro et al. (2010). ISAC mainly consists of an ultra-
high-vacuum (UHV) chamber, with pressure typically in the range P = 3-4.0
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× 10−11 mbar, where an ice layer made by deposition of a gas species onto a
cold finger at 8 K, achieved by means of a closed-cycle helium cryostat, can be
UV-irradiated. The evolution of the solid sample was monitored with in situ
transmittance FTIR spectroscopy and VUV-spectroscopy. The chemical com-
ponents used for the experiments described in this paper were: H2O(liquid),
triply distilled; CH3OH(liquid), Panreac Quı´mica S. A. 99.9%; CO(gas), Prax-
air 99.998%; NH3(gas), Praxair 99.999%; and H2S(gas), Praxair 99.8%. The de-
posited ice layer was photo-processed with a F type microwave discharged
hydrogen flow lamp (MDHL), from Opthos Instruments. The source has a
VUV-flux of ≈ 2 × 1014 cm−2 s−1 at the sample position, measured by CO2 →
CO actinometry, see Mun˜oz Caro et al. (2010). The Evenson cavity of the lamp
is refrigerated with air. The VUV-spectrum is measured routinely in situ during
the irradiation experiments with the use of a McPherson 0.2 meter focal length
VUV monochromator (Model 234/302) with a photomultiplier tube (PMT) de-
tector equipped with a sodium salicylate window, optimized to operate from
100-500 nm (11.27-2.47 eV), with a resolution of 0.4 nm. The characterization
of the MDHL spectrum has been studied before by Chen et al. (2010) and will
be discussed in more detail by Chen et al. (2013).
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Figure 4.1. Scheme of the main chamber of ISAC. The VUV-light intersects three
MgF2 windows before it enters the UV-spectrometer, but the emission spectrum that
the ice experiences corresponds to only one MgF2 window absorption, the one between
the VUV-lamp and the ISAC main chamber. FTIR denotes the source and the detector
used to perform infrared spectroscopy. QMS is the quadrupole mass spectrometer used
to detect gas phase species. PMT is the photomultiplier tube that makes posible the
ultraviolet spectroscopy.
The interface between the MDHL and the vacuum chamber is a MgF2 win-
dow. The monochromator is located at the rear end of the chamber, separated
by another MgF2 window. This means that the measured background spectra,
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i.e. with no ice sample intersecting the VUV-light cone, are the result of the
radiation intersecting two MgF2 windows.
Grating corrections have been made for the VUV-spectra in the range of
110-180 nm (11.27-6.88 eV) range. The mean photon energy was calculated for
the spectrum corresponding to only one MgF2 window intersecting the VUV-
lamp emission, since that is the mean photon energy that the ice sample ex-
periences. This “one-window” spectrum, displayed in Fig. 2, was measured
by coupling the VUV-lamp directly to the spectrometer with a MgF2 window
acting as the interface. The proportion of Ly-α in 110-180 nm range is 5.8%,
lower than the 8.4% value estimated by Chen et al. (2013). This difference
could be due to the lower transmittance of the MgF2 window used as interface
between the MDHL and the UHV-chamber, although the different position of
the pressure gauge measuring the H2 flow in the MDHL could also play a role.
Figure 4.2. UV-photon flux as a function of wavelength of the MDHL in the 110
to 170 nm range estimated with the total photon flux calculated using actinometry.
The spectrum corresponds to a measurement with one MgF2 window intersecting the
emitted VUV-light cone. This spectrum is the one experienced by the ice sample. The
VUV-emission is dominated by the Ly-α peak (121.6 nm) and the Lyman Band System.
It was observed thatmost of the energy emitted by the VUV-lamp lies below
183 nm (6.77 eV) and the MgF2 window cutoff occurs at 114 nm (10.87 eV). The
mean photon energy in the 114-180 nm (10.87-6.88 eV) range is Ephoton = 8.6
eV. The main emission bands are Ly-α at 121.6 nm (10.20 eV) and the molec-
ular hydrogen bands centered at 157.8 nm (7.85 eV) and 160.8 nm (7.71 eV),
respectively, for a hydrogen pressure of 0.4 mbar, see Fig. 8.1.
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4.3 VUV-absorption cross section of interstellar polar ice
analogs
VUV-absorption spectra of pure ices composed of CO,H2O, CH3OH,NH3, and
H2S have been recorded. For each ice spectrum a series of three measurements
was performed: i) the emission spectrum of the VUV-lamp was measured, to
monitor the intensity of the main emission bands, ii) the emission spectrum
transmitted by theMgF2 substrate windowwasmeasured, tomonitor its trans-
mittance, and iii) the emission spectrum transmitted by the substrate window
with the deposited ice on top was measured. The absorption spectrum of the
ice corresponds to the spectrum of the substrate with the ice after subtraction
of the bare MgF2 substrate spectrum. In addition, the column density of the
ice sample was measured by FTIR in transmittance. The VUV-spectrum and
the column density of the ice were therefore monitored in a single experiment
for the same ice sample. This improvement allowed to make a more accurate
estimation of VUV-absorption cross section of the ice. The column density of
the deposited ice obtained by FTIR is calculated according to the formula
N =
1
A
∫
band
τνdν (4.1)
where N is the column density of the ice, τν the optical depth of the band,
dν the wavenumber differential, in cm−1, and A is the band strength in cm
molecule−1. The integrated absorbance is equal to 0.43 × τ , where τ is the
integrated optical depth of the band. The VUV-absorption cross section was
estimated according to the Beer-Lambert law
It(λ) = I0(λ)e
−σ(λ)N
σ(λ) = −
1
N
ln
(
It(λ)
I0(λ)
)
with N ≈
Ni +Nf
2
(4.2)
where It(λ) is the transmitted intensity for a given wavelength λ, I0(λ) the
incident intensity,N is an average ice column density before (Ni) and after (Nf )
irradiation in cm−2, and σ is the cross section in cm2. It is important to notice
that the total VUV-flux value emitted by the lamp does not affect the VUV-
absorption spectrum of the ice sample, since it is obtained by substraction of
two spectra to obtain the absorbance in the VUV.
A priori, the VUV-absorption cross section of the ice was not known. There-
fore, several measurements for different values of the ice column density were
performed to improve the spectroscopy. Table 6.1 provides the infrared band
position and band strength used to obtain the column density of each ice com-
ponent, along with the molecular dipole moment, since the latter has an effect
in the intermolecular forces operating in the ice that make solid spectroscopy
differ from gas phase spectroscopy in both the IR and VUV ranges. The gas
phase cross sections published in the literature were also represented for com-
parison. We note that the majority of the gas phase cross sections were per-
formed at room temperature. The gas phase spectrum can vary significantly if
the gas sample is cooled to cryogenic temperatures but it will still differ from
the solid phase spectrum, see Yoshino et al. (1996) and Cheng et al. (2011).
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Table 4.1. Infrared band positions and strengths (A), deposited column density (N ) in
ML (one ML is 1015 molecule cm−2) and molecular dipole moment (µ) of the samples
used in this work. Error estimation in the column density is sum of the error by the
band strength, the error by thickness loss for photo-desorption, and the MDHL, PMT,
and multimeter stabilities.
Species Position A N µ
[cm−1] [cm molec−1] [ML] [D]
CO 2139 1.1 ± 0.1 ×10−17 a 207+16
−16 0.11
H2O 3259 1.7 ± 0.2 ×10
−16 b 91+7
−7 1.85
CH3OH 1026 1.8 ± 0.1 ×10
−17 c 62+5
−9 1.66
NH3 1067 1.7 ± 0.1 ×10
−17 c 67+5
−8 1.47
H2S 2544 2.0 ± 0.2 ×10
−17 d 37+3
−9 0.95
aJiang et al. 1975, bCalculated for this work, cd’Hendecourt & Allamandola
1986, dJime´nez-Escobar & Mun˜oz Caro 2011.
The performance of VUV-spectroscopy inevitably leads to exposure of the
sample to irradiation, often causing photo-destruction or photo-desorption of
the icemolecules to some extent during spectral acquisition (e.g., d’Hendecourt
et al. 1985, 1986; Bernstein et al. 1995; Gerakines et al. 1995, 1996; Schutte
1996; Sandford 1996; Mun˜oz Caro et al. 2003, 2010; Dartois 2009; O¨berg et al.
2009b,c,d; Fillion et al. 2012; Fayolle et al. 2011, 2013, and ref. therein). Photo-
production of new compounds and the decrease of the starting ice column den-
sity was monitored by IR spectroscopy. Photodesorption was less intense for
the reported species except for CO, in line with the previous works mentioned
above; it will also contribute to the decrease of the column density of the ice
during irradiation. Photo-product formation of new compounds is different
for each molecule. No photo-products were detected after the 9 min VUV ex-
posure required for VUV-spectroscopy, except for CH3OH ice, where product
formation was 2%, 6%, 7%, and 8% for CO2, CH4, CO, and H2CO, respectively,
relative to the initial CH3OH column density, estimated by IR spectroscopy.
But the VUV-absorption spectrum of CH3OH was not significantly affected, cf
Kuo et al. (2007). Indeed, it will be shown that the discrete bands of the CO
photo-produced in the CH3OH ice matrix, with an intrinsic absorption higher
than methanol in the VUV, are not present in the VUV-absorption spectrum.
Error values for the column density in Table 6.1 result mainly from the
selection of the baseline for integration of the IR absorption band and the de-
crease of the ice column density due to VUV-irradiation during spectral acqui-
sition. The band strengths were adapted from the literature and their error
estimations are no more than 10 % of the reported values (Richey & Gerakines
2012). The solid H2O band strength in Table 6.1 was estimated by us using
interference fringes in the infrared spectrum, for a density of 0.94 g cm−3 and
a refractive index of 1.3. This estimation gives a value of 1.7 ± 0.2 ×10−16 cm
molec−1, different from the Hagen et al. (1985) value (2 ×10−16 cm molec−1).
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The errors in the column density determined by IR spectroscopy were 16%,
15%, 23%, 19 %, and 32% for solid CO, H2O, CH3OH, NH3, and H2S ices, re-
spectively. The MDHL, photomultiplier tube (PMT), and multimeter stabilities
lead to an estimated error of about 6% in the values of the VUV-absorption
cross sections of the ices. The largest error corresponds to H2S ice, the most
VUV photo-active molecule studied in this work. It presents a high photo-
destruction (Jime´nez-Escobar & Mun˜oz Caro 2011) which leads to a fast de-
crease in its IR feature. Therefore, VUV-absorption cross section errors result
from the error values estimated above, using the expression
δ(N) =
√
δ2i + δ
2
j + δ
2
k + ...+ δ
2
n
n− 1
. (4.3)
The VUV-absorption cross section spectra of CO, H2O, CH3OH, and NH3
ices were fitted with Gaussian profiles using the band positions reported in the
literature (Lu et al. 2005, 2008; Kuo et al. 2007) as a starting point, see the
red traces in Figs. 4.3, 4.4, 4.5, and 4.6. Table 6.2 summarizes the Gaussian
profile parameters used to fit the spectra of these ices, deposited at 8 K. H2S
ice displays only a slightly decreasing absorption at longer wavelengths and
Gaussian deconvolution is thus not pertinent. Gaussian fits of the reported
molecules were made with an in-house IDL code. The fits reproduce well the
VUV-absorption cross section spectra.
4.3.1 Solid CO (Carbon monoxide)
The ground state of CO is X1Σ+ and its bond energy is Eb(C–O) = 11.09 eV
(Okabe 1978).
Fig. 4.3 displays the CO fourth positive band system, it is attributed to the
A1Π← X1Σ+ system. Table 4.3 summarizes the transition, band position and
area of each feature at 8 K. We were able to observe twelve bands identified as
(0,0) to (11,0) where the (0,0), (1,0), and (2,0) bands present a Davydov splitting,
in agreement with Mason et al. (2006), Lu et al. (2005), and Brith & Schnepp
(1965). Like Mason et al. (2006), we were not able to observe the (12,0) tran-
sition reported by Brith & Schnepp (1965) and Lu et al. (2005), due to the low
intensity of this feature. We detected part of the transitions to the excited Ryd-
berg states, B1Σ+, C1Σ+, and E1Πmeasured by Lu et al. (2005) as a broad band
in the 116-121 nm (10.68-10.25 eV) region, despite the decreasing VUV-flux in
this region.
The average VUV-absorption cross section has a value of 4.7+0.4
−0.4 × 10
−18
cm2. This value is not very different from the one roughly estimated byMun˜oz
Caro et al. (2010), 3.8 × 10−18 cm2 in the 115-170 nm range based on Lu et
al. (2005). The total integrated VUV-absorption cross section has a value of
1.5+0.1
−0.1 × 10
−16 cm2 nm (7.9+0.6
−0.6 × 10
−18 cm2 eV) in the 116-163 nm (10.68-
7.60 eV) spectral region. The VUV-absorption of CO ice at 121.6 nm is very
low, an upper limit of ≤ 1.1+0.8
−0.8 × 10
−19 cm2 was estimated, while at 157.8
and 160.8 nm the VUV-absorption cross sections are, respectively, 6.6+0.5
−0.5 ×
10−18 cm2 and 0.9+0.1
−0.1 × 10
−18 cm2. The VUV-absorption spectrum of solid CO
presents a maximum at 153.0 nm (8.10 eV) with a value of 1.6+0.1
−0.1 × 10
−17 cm2.
Table 4.4 summarizes the transition, band position and area of each feature
present in the CO gas phase spectrum (blue trace in Fig. 4.3) adapted from
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Table 4.2. Parameter values used to fit the spectra of Gaussian profiles of the different
molecular pure ices deposited at 8 K.
Molecule Centre FWHM Area
[nm] [nm] [× 10−17 cm2 nm]
H2O 120.0 22.1 12.0
143.6 17.4 10.8
154.8 8.0 0.9
CO 127.0 1.27 0.05
128.9 1.27 0.07
130.9 1.32 0.14
132.8 1.27 0.24
135.2 1.46 0.58
137.6 1.41 0.95
140.0 1.62 1.61
142.8 1.65 1.98
145.8 2.17 3.16
148.8 2.24 3.45
149.7 0.92 0.50
152.0 2.12 3.09
153.3 1.34 1.53
156.3 2.24 3.10
157.0 1.18 0.56
CH3OH 118.0 30.6 27.7
146.6 28.3 16.8
NH3 121.2 34.1 33.8
166.6 31.8 14.2
Lee & Guest (1981). The VUV-absorption cross section of CO in the gas phase
has an average value of 20.7 × 10−18 cm2. Based on Lee & Guest (1981), the
estimated total integrated VUV-absorption cross section, 2.3 × 10−16 cm2 nm,
is larger than the CO ice value, 1.5 ± 0.1 × 10−16 cm2 nm. Similar to solid CO,
the VUV-absorption cross section of CO gas is very low at 121.6 nm. There is
no available data at 157.8 and 160.8 nm, but the absorption should be very low
or zero because the first transition (ν0) is centered at 154.5 nm.
4.3.2 Solid H2O (Water)
The ground state and bond energy of H2O are, respectively, X˜
1A1 and Eb(H–
OH) = 5.1 eV (Okabe 1978).
The VUV-absorption cross section spectrum ofH2O ice is displayed in Fig. 4.4.
The spectral profile is similar to those reported by Lu et al. (2008) and Mason
et al. (2006). The band between 132-163 nm is centered at 142 nm (8.73 eV),
in agreement with Lu et al. (2008) and Mason et al. (2006). This band is at-
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Figure 4.3. VUV-absorption cross section as a function of photon wavelength (bottom
X-axis) and VUV-photon energy (top X-axis) of pure CO ice deposited at 8 K, black
trace. Blue trace is the VUV-absorption cross section spectrum of CO gas (divided by
a factor of 40 to compare it with CO ice) adapted from Lee & Guest (1981). The fit, red
trace, is the sum of 15 Gaussians, dashed trace. It has been vertically offset for clarity.
tributed to the 4a1:A˜
1B1 ← 1b1:X˜
1A1 transition. The VUV-absorption cross
section reaches a value of 6.0 ± 0.4 × 10−18 cm−2 at this peak, which coincides
with the spectrum displayed in Fig. 3 of Mason et al. (2006). The H2O ice
spectrum of Lu et al. (2008) presents a local minimum at 132 nm, also visible in
Fig. 4.4. This minimum is not observed in the Mason et al. (2006) data, which
is likely due to the larger scale of their plot. The portion of the band in the
120-132 nm range is attributed to the transition B˜1A1 ← X˜
1A1, according to Lu
et al. (2008).
The average and the total integrated VUV-absorption cross sections of H2O
ice are, respectively, 3.4+0.2
−0.2 × 10
−18 cm2 and 1.8+0.1
−0.1 × 10
−16 cm2 nm (1.2+0.1
−0.1
× 10−17 cm2 eV) in the 120-165 nm (10.33-7.51 eV) spectral region. The VUV-
absorption cross sections of H2O ice at 121.6, 157.8, and 160.8 nm are, respec-
tively, 5.2+0.4
−0.4 × 10
−18 cm2, 1.7+0.1
−0.1 × 10
−18 cm2, and 0.7+0.05
−0.05 × 10
−18 cm2. Gas
phase data fromMota et al. (2005) were adapted for comparison with our solid
phase data, see Fig. 4.4. Gas and ice data were previously compared by Mason
et al. (2006). The VUV-absorption cross section of H2O in the gas phase has an
average value of 3.1 × 10−18 cm2. H2O gas data have been integrated in the
120-182 nm range giving a value for the VUV-absorption cross section of 2.3 ×
10−16 cm2 nm (1.4 × 10−17 cm2 eV), which is larger than the VUV-absorption
cross section of solid H2O. The VUV-absorption cross sections of H2O gas at
121.6, 157.8, and 160.8 nm are, respectively, 13.6 × 10−18 cm2, 3.2 × 10−18 cm2,
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Table 4.3. Transitions observed in the VUV-absorption cross section spectrum of pure
CO ice, deposited at 8 K, in the 115-170 nm range. The peak positions are in agreement
with previous works, see Mason et al. (2006), Lu et al. (2005), and Brith & Schnepp
(1965).
Band peak Band area
(ν’,ν”) nm eV cm2nm cm2eV
11,0 127.0 9.76 8.6×10−20 6.6×10−21
10,0 128.8 9.62 1.6×10−19 1.2×10−20
9,0 131.0 9.46 4.0×10−19 2.9×10−20
8,0 132.8 9.33 7.0×10−19 4.9×10−20
7,0 135.2 9.17 2.6×10−18 1.8×10−19
6,0 137.6 9.01 4.3×10−18 2.8×10−19
5,0 140.0 8.85 7.1×10−18 4.5×10−19
4,0 142.8 8.68 7.6×10−18 4.6×10−19
3,0 146.0 8.49 1.1×10−17 6.5×10−19
2,0 149.4 8.29 1.5×10−17 8.4×10−19
1,0 153.0 8.10 2.5×10−17 1.3×10−18
0,0 156.6 7.91 2.6×10−17 1.3×10−18
Error margins corresponding to the values in the second and third column are
± 0.4 nm and ± 0.03 eV, respectively.
Table 4.4. Transitions observed in the VUV-absorption cross section spectrum of pure
CO gas based on data adapted from Lee & Guest (1981).
Band peak Band area
(ν’,ν”) nm eV cm2nm cm2eV
14,0 121.6 10.19 1.5×10−19 1.2×10−20
13,0 123.1 10.07 2.3×10−19 1.9×10−20
12,0 124.7 9.93 6.6×10−19 5.3×10−20
11,0 126.5 9.79 7.5×10−19 5.8×10−20
10,0 128.4 9.65 1.3×10−18 9.7×10−20
9,0 130.3 9.51 2.4×10−18 1.8×10−19
8,0 132.3 9.36 6.5×10−18 4.4×10−19
7,0 134.7 9.20 6.8×10−18 4.8×10−19
6,0 136.9 9.05 1.2×10−17 8.2×10−19
5,0 139.4 8.89 2.1×10−17 1.3×10−18
4,0 142.1 8.72 2.6×10−17 1.7×10−18
3,0 144.9 8.55 2.7×10−17 1.6×10−18
2,0 147.9 8.38 3.3×10−17 1.9×10−18
1,0 151.1 8.20 3.0×10−17 1.6×10−18
0,0 154.4 8.03 2.3×10−17 1.2×10−18
and 4.1× 10−18 cm2, which are also larger than the solid phase measurements.
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Figure 4.4. VUV-absorption cross section as a function of photon wavelength (bottom
X-axis) and VUV-photon energy (top X-axis) of pure H2O ice deposited at 8 K, black
trace. Blue trace is the VUV-absorption cross section spectrum of gas phase H2O taken
fromMota et al. (2005). The gray area is the measurement error zone. The fit, red trace,
is the sum of three Gaussians, dashed trace. It has been vertically offset for clarity.
4.3.3 Solid CH3OH (Methanol)
The ground state and bond energy of CH3OH are, respectively, X
1A’ and Eb(H–
CH2OH) = 4.0 eV (Darwent 1970).
Fig. 4.5 shows the VUV-absorption cross section of CH3OH as a function
of wavelength and photon energy. The spectrum profile is similar to the one
reported by Kuo et al. (2007), a decreasing continuum for longer wavelengths
with no distinct local maximum. They found three possible broad bands cen-
tered at 147 nm (8.43 eV), 118 nm (10.50 eV), and 106 nm (11.68 eV), the latter
falls out of our spectral range. We observed the 147 nm peak (associated to the
21A”← X1A’ molecular transition) as well as part of the 118 nm band ( corre-
sponding to the 31A” ← X1A’ molecular transition) but due to the decreasing
VUV-flux below 120 nm it was not possible to confirm the exact position of this
peak.
The average The average and the total integrated VUV-absorption cross sec-
tions of solid CH3OH are, respectively, 4.4
+0.4
−0.7 × 10
−18 cm2 and 2.7+0.2
−0.4 × 10
−16
cm2 nm (1.8+0.1
−0.3 × 10
−17 cm2 eV) in the 120-173 nm (10.33-7.16 eV) spectral re-
gion. The VUV-absorption cross sections of CH3OH ice at 121.6 nm, 157.8 and
160.8 nm are, respectively, 8.6+0.7
−1.3 × 10
−18 cm2, 3.8+0.3
−0.6 × 10
−18 cm2, and 2.9+0.2
−0.4
× 10−18 cm2. Gas phase data from Nee et al. (1985) were used for comparison
with our solid phase spectrum, see Fig. 4.5. Pure gas and solid CH3OH, and
CH3OH in Ar or Kr matrices, were compared by Kuo et al. (2007). CH3OH
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gas has a vibrational peak profile all over the 120-173 nm range, which is not
present in CH3OH ice. The VUV-absorption cross section of CH3OH in the gas
phase has an average value of 8.9 × 10−18 cm2. CH3OH gas data was inte-
grated in the 120-173 nm range giving a value for the VUV-absorption cross
section of 3.7 × 10−16 cm2 nm (2.5 × 10−17 cm2 eV), which is larger than the
VUV-absorption cross section (2.7+0.2
−0.4 × 10
−16 cm2 nm) for solid CH3OH. The
VUV-absorption cross sections of CH3OH gas at 121.6 nm, 157.8, and 160.8
nm are, respectively, 13.2 × 10−18 cm2, 9.9 × 10−18 cm2, and 8.6 × 10−18 cm2,
which are also larger than the ice phase measurements.
Figure 4.5. VUV-absorption cross section as a function of photon wavelength (bottom
X-axis) and VUV-photon energy (top X-axis) of pure CH3OH ice deposited at 8 K,
black trace. Blue trace is the VUV-absorption cross section spectrum of gas phase
CH3OH adapted from Nee et al. (1985). The fit, red trace, is the sum of two Gaussians,
dashed trace. It has been vertically offset for clarity.
4.3.4 Solid NH3 (Ammonia)
The ground state of NH3 is X˜
1A1 and its bond energy is Eb(H–NH2) = 4.4 eV
(Okabe 1978).
Fig. 4.6 displays the VUV-absorption cross section of NH3 as a function
of the photon wavelength and photon energy. It presents a continuum with
two broad absorption bands between 120-151 nm (10.33-8.21 eV) and 151-163
nm (8.21-7.60 eV) in this wavelength region, with no narrow bands associated
to vibrational structure. Mason et al. (2006) found, in the 146-225 nm (5.50-
8.50 eV) spectral range, a broad band centered at 177 nm (7.00 eV). Lu et al.
(2008) observed the same feature centered at 179 nm (6.94 eV). We observe just
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a portion of this feature due to the low VUV-flux of the MDHL in the 163-
180 nm (7.60-6.88 eV) spectral range. This band is associated to the A˜1A2”←
X˜1A1 molecular transition. The minimum we observed at 151 nm (8.21 eV)
is common to the above cited works. At this minimum, the VUV-absorption
cross section reaches a value of 3.3 ± 0.2 × 10−18 cm2, higher than the 1.9 ×
10−18 cm2 value reported in Fig. 10 of Mason et al. (2006). We also obtained
a higher value at 128.4 nm (9.65 eV), 8.1 ± 0.5 × 10−18 cm2 compared to 3.8 ×
10−18 cm2 by Mason et al. (2006). This difference is likely due to the different
method employed to estimate the ice column density, infrared spectroscopy or
laser interferometry. In addition, a broad band centered at 121.2 nm (10.23 eV)
was observed, in agreement with Lu et al. (2008), probably associated to the B˜
← X˜ molecular transition.
The average and the total integrated VUV-absorption cross sections of solid
NH3 are, respectively, 4.0
+0.3
−0.5 × 10
−18 cm2 and 2.2+0.2
−0.3 × 10
−16 cm2 nm (1.5+0.1
−0.2
× 10−17 cm2 eV) in the 120-161 nm (10.33-7.70 eV) spectral region. The VUV-
absorption cross sections of NH3 ice at 121.6 nm, 157.8 and 160.8 nm are, re-
spectively, 9.1+0.7
−1.1 × 10
−18 cm2, 3.8+0.3
−0.5 × 10
−18 cm2, and 4.1+0.3
−0.5 × 10
−18 cm2.
Gas phase data from Cheng et al. (2006) and Wu et al. (2007) were adapted,
see Fig. 4.5. At least qualitatively, our result is compatible with Mason et al.
(2006). The VUV-absorption cross section of NH3 in the gas phase has an av-
erage value of 6.1 × 10−18 cm2. NH3 gas data was integrated in the 120-161
nm range giving a value of 2.5 × 10−16 cm2 nm (1.8× 10−17 cm2 eV), slightly
larger than the VUV-absorption cross section of solid NH3 (2.2
+0.2
−0.3 × 10
−16 cm2
nm). The VUV-absorption cross sections of NH3 gas at 121.6, 157.8 and 160.8
nm are, respectively, 9.8 × 10−18 cm2, 0.1 × 10−18 cm2, and 0.3 × 10−18 cm2;
these values are lower than the ice phase measurements, except for the Ly-α
photon wavelength (121.6 nm).
4.3.5 Solid H2S (Hydrogen sulfide)
The ground state and bond energy of H2S are, respectively, X˜
1A1 and Eb(H–
SH) = 3.91 eV (Okabe 1978).
Fig. 4.7 shows the VUV-absorption cross section of H2S as a function of
the wavelength and photon energy. Due to the large VUV-absorption of solid
H2S, very thin ice samples were deposited to obtain a proper VUV-spectrum.
H2S gas has a nearly constant VUV-absorption cross section in the 120-150 nm
(10.33-8.26 eV) range, between 150-180 nm (8.26-6.88 eV) it decreases and in
the 180-250 nm (6.88-4.95 eV) region presents a maximum at 187 nm (6.63 eV),
see Okabe (1978). The VUV-absorption cross section of H2S is almost constant
in the 120-143 nm (10.33-8.67 eV) range and decreases in the 143-173 nm (8.67-
7.16 eV) range, with a maximum at 200 nm (6.19 eV) according to Feng et al.
(1999). The 1B1 ←
1A1 molecular transition was identified at 139.1 nm (8.91
eV) by Price & Simpson (1938) and confirmed by Gallo & Innes (1975).
The total integrated VUV-absorption cross section of H2S ice has a value of
1.5+0.1
−0.3 × 10
−15 cm2 nm (4.3+0.3
−1.0 × 10
−16 cm2 eV) in the 120-160 nm (10.33-7.74
eV) spectral region. The VUV-absorption cross sections of the same ice at 121.6,
157.8, and 160.8 nm are, respectively, 4.2+0.3
−1.0 × 10
−17 cm2, 3.4+0.3
−0.8 × 10
−17 cm2,
and 3.3+0.3
−0.8 × 10
−17 cm2. Gas phase data from Feng et al. (1999) were adapted,
see Fig. 4.7. The spectrum of the solid is almost constant, only a slight decrease
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Figure 4.6. VUV-absorption cross section as a function of photon wavelength (bottom
X-axis) and VUV-photon energy (top X-axis) of pure NH3 ice deposited at 8 K, black
trace. Blue trace is the VUV-absorption cross section spectrum of gas phase NH3
adapted from Cheng et al. (2006) and Wu et al. (2007). The fit, red trace, is the sum of
two Gaussians, dashed trace. It has been vertically offset for clarity.
is observed as the wavelength increases. The gas phase spectrum presents an
abrupt fall in the cross section starting near 140 nm, according to Feng et al.
(1999). Contrary to the Okabe (1978) data, this spectrum of the gas does not
show vibrational structure, probably due to its low resolution. The average
VUV-absorption cross section of H2S gas reported by Feng et al. (1999), 3.1 ×
10−17 cm2, disagrees by one order of magnitudewith the 3-4× 10−18 cm2 value
of Okabe (1978). We estimated a value of 3.9+0.3
−0.9 × 10
−17 cm2 for the solid in
the same range, which is close to the Feng et al. (1999) gas phase value.
H2S gas data was integrated in the 120-160 nm range giving a value of 10.2
× 10−16 cm2 nm (8.0 × 10−17 cm2 eV), that is lower than the VUV-absorption
cross section of solid H2S. The VUV-absorption cross sections of H2S gas at
121.6, 157.8, and 160.8 nm are, respectively, 31.0 × 10−18 cm2, 7.9 × 10−18 cm2,
and 4.9× 10−18 cm2, which are also lower than the solid phase values reported
above.
4.3.6 Comparison between all the ice species
Fig. 5.6 shows a comparison of the VUV-absorption cross section for all the ice
species deposited at 8 K, represented in the same linear scale. It can be ob-
served that the most absorbing molecule is H2S. H2O has the lowest average
absorption in this range. All the represented species absorb VUV-light signifi-
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Figure 4.7. VUV-absorption cross section as a function of wavelength (bottom X-axis)
and photon energy (top X-axis) of pure H2S ice deposited at 8 K, black trace. Blue trace
is the VUV-absorption cross section spectrum of gas phase H2S adapted from Feng et
al. (1999)
cantly in the 120-163 nm (10.33-7.60 eV) range, only the CO absorption is neg-
ligible at the Ly-α wavelength. Except for CO, the absorption of the reported
ice species in the H2 molecular emission region between 157-161 nm is lower
than the Ly-α absorption. Table 5.6 summarizes the comparison between the
VUV-absorption cross sections of all the species in the gas and solid phase.
4.4 Astrophysical implications
Far-ultraviolet observations of IC 63, an emission/reflection nebula illuminated
by the B0.5 IV star γCas, with theHopkins Ultraviolet Telescope (HUT) on the cen-
tral nebular position, have revealed a VUV-emission spectrum very similar to
the spectrum of our VUV-lamp, see Fig. 4 of France et al. (2005), which means
that the VUV-spectrum interacting with the ice sample mimicks the molecu-
lar hydrogen photo-excitation observed toward this photo-dissociation region
(PDR) in the local interstellar medium. This spectrum is comparable to the one
emitted by the MDHL with a H2 pressure of 0.2 mbar.
Ice mantle build-up takes place in cold environments such as dark cloud
interiors, where the radiation acting on dust grains is the secondary UV field
produced by cosmic-ray ionization of H2. These are the conditions mimicked
in our experiments: low density and low temperature, and UV photons im-
pinging on ice mantles. The secondary UV field calculated by Gredel et al.
(1989) is very similar to the emission spectrum of our lamp, see Fig. 3.2 (Top),
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Table 4.5. Comparison between the VUV-absorption cross sections in the 120-160
nm range of all the pure species in the gas and solid (deposited at 8 K) phase. “Total
Int.” is the total integrated VUV-absorption cross section in this range, “Avg.” is
the average VUV-absorption cross section. “Ly-α” and “LBS” are the average VUV-
absorption cross sections in the 120.8-122.6 nm and 132-162 nm range normalized
by the photon flux. The last three columns are the VUV-absorption cross sections at
wavelengths 121.6 nm (corresponding to the maximum intensity of the Ly-α peak),
157.8 and 160.8 nm (main peaks of the Lyman Band System).
Species Total Int. Avg. Ly-α LBS 121.6 nm 157.8 nm 160.8 nm
[× 10−16 cm2 nm] [× 10−18 cm2]
S
o
li
d
p
h
as
e
CO 1.5+0.1
−0.1 4.7
+0.4
−0.4 0.1
+0.01
−0.01 11
+0.9
−0.9 0.1
+0.01
−0.01 6.6
+0.5
−0.5 0.9
+0.07
−0.07
H2O 1.8
+0.1
−0.1 3.4
+0.2
−0.2 5.1
+0.4
−0.4 4.0
+0.3
−0.3 5.2
+0.4
−0.4 1.7
+0.1
−0.1 0.7
+0.05
−0.05
CH3OH 2.2
+0.2
−0.3 4.4
+0.4
−0.7 6.7
+0.5
−1.0 6.4
+0.5
−1.0 8.6
+0.7
−1.3 3.8
+0.3
−0.6 2.9
+0.2
−0.4
NH3 2.2
+0.1
−0.3 4.0
+0.3
−0.5 9.1
+0.7
−1.1 3.6
+0.3
−0.5 9.1
+0.7
−1.1 3.8
+0.3
−0.5 4.1
+0.3
−0.5
H2S 15
+1
−3 39
+3
−9 41
+3
−10 34.0
+3
−8 42
+3
−10 34
+3
−8 33
+3
−8
G
as
p
h
as
e
CO 2.3 20.7 – – – – –
H2O 2.3 3.1 – – 13.6 3.2 4.1
CH3OH 3.4 8.2 – – 13.6 8.5 10.0
NH3 2.5 6.1 – – 9.8 0.1 0.3
H2S 10.2 31.0 – – 31.0 7.9 4.9
except for photons with wavelengths shorter than about 114 nm, which are not
transmitted by the MgF2 window used as interface between the MDHL and
the ISAC set-up.
The reported VUV-absorption cross sections allow amore quantitative study
of photon absorption in ice mantles. Based on our data, the VUV-light reach-
ing an interstellar ice mantle must have an energy higher than 7.00, 7.60, and
7.08 eV, to be absorbed by solid CO, H2O, and CH3OH, respectively. The full
absorption spectrum in the VUV measured by other authors provides an ab-
sorption threshold above 6.20 and 5.16 eV for NH3 and H2S, respectively, see
Mason et al. (2006) and Feng et al. (1999).
The ice penetration depth of photonswith a givenwavelength, or the equiv-
alent absorbing ice column density of a species in the solid phase, can be cal-
culated from the VUV-absorption cross section following Eq. 6.2. Table 6.3
summarizes the penetration depth of the ice species for an absorbed photon
flux of 95% and 99% using the cross section value at Ly-α, the average value of
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Figure 4.8. VUV-absorption cross section as a function of wavelength (bottom X-axis)
and photon energy (top X-axis) of all the pure ice species studied in this work, deposited
at 8 K.
the cross section in the 120-160 nm range, and the maximum value of the cross
section in the same range.
Table 4.6. Penetration depth, expressed as absorbing column density, of the different
pure ice species deposited at 8 K, corresponding to an absorbed photon flux of 95% and
99%. “Ly-α” corresponds to the cross section at the Ly-αwavelength, 121.6 nm; in the
case of CO, the upper limit in the cross section leads to a lower limit in the absorbing
column density. “Avg.” corresponds to the average value of the cross section in the
120-160 nm range. “Max.” corresponds to the maximum value of the cross section
in the same wavelength range. Errors in the penetration depth correspond to those
estimated for the VUV-absorption cross sections of the different ices.
95% photon absorption 99% photon absorption
species Ly-α Avg. Max. Ly-α Avg. Max.
(×1017 molecule cm−2) (×1017 molecule cm−2)
CO ≥150 6.4 1.9 ≥230 9.8 2.9
H2O 5.8 8.3 4.9 8.9 13.0 7.7
CH3OH 3.5 5.7 3.4 5.4 8.7 5.3
NH3 3.3 5.5 3.2 5.1 8.5 5.0
H2S 0.73 0.81 0.73 1.1 1.2 1.1
The VUV-absorption of ice mantles is low compared to the dust grain cores,
and therefore difficult to observe directly, but it is an essential parameter to
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study quantitatively the photo-processing and photo-desorption of molecular
species in the ice mantle. The desorbing photo-products can be detected in
observations of the gas phase. The reportedmeasurements of the cross sections
are thus needed to estimate the absorption of icy grain mantles in the photon
range where molecules are photo-dissociated or photo-desorbed, often leading
to the formation of photo-products. This results can be used as input in models
that predict the processing of ice mantles exposed to an interstellar VUV-field.
They can, e. g., be used to predict the gas phase abundances of molecules
photo-desorbed from the ice mantles, as we will discuss below.
There is a clear correspondence between the photodesorption rates of CO
ice measured at different photon energies (Fayolle et al. 2011) and the VUV-
absorption spectrum of CO ice (Lu et al. 2009, this work) for the same photon
energies. This indicates that photodesorption of some ice species like CO and
N2 is mainly driven by a desorption induced by electronic transition (DIET)
process (Fayolle et al. 2011; 2013). The lowest photodesorption reported by
Fayolle et al. (2011) at the Ly-α wavelength (121.6 nm) is <6 × 10−3 molecules
per incident photon, coinciding with the low VUV-absorption at this wave-
length in Fig. 4.3, and the maximum in the photodesorption occurs approxi-
mately at∼ 151.2 nm, near the most intense VUV-absorption band, see Fig. 4.3.
The photodesorption rate per absorbed photon in the [λi,λf ] wavelength range,
Rabsph−des, can differ significantly from the photodesorption rate per incident
photon, Rincph−des. It can be estimated as follows:
Rabsph−des =
∆N
Iabs
and Rincph−des =
∆N
I0
Rabsph−des =
I0
Iabs
Rincph−des (4.4)
where
Iabs =
λf∑
λi
I0(λ)− I(λ) =
λf∑
λi
I0(λ)(1− e
−σ(λ)N )
and∆N is the column density decrease for a given irradiation time inmolecules
cm−2 s−1, I0 is the total photon flux emitted (Fayolle et al. 2011 reports ∼ 1.7
× 1014 photons cm−2 s−1, in our experiments ∼ 2.0 × 1014 photons cm−2 s−1),
Iabs is the total photon flux absorbed by the ice, I0(λ) is the photon flux emitted
at wavelength λ, σ(λ) is the VUV absorption cross section at the same wave-
length, and N is the column density of the ice sample.
Fayolle et al. (2011) reported Rincph−des = 5 × 10
−2 molecules per incident
photon for monochromatic ∼ 8.2 eV light irradiation of a 9-10 ML ice column
density of CO.We also estimated the value ofRinc.ph−des in our CO irradiation ex-
periment using the MDHL continuum emission source with an average pho-
ton energy of 8.6 eV; this gave a value of 5.1 ± 0.2 × 10−2 for an ice column
density of 223 ML, in agreement with Mun˜oz Caro et al. (2010). Therefore,
similar values of Rincph−des are obtained using both, monochromatic and contin-
uum emission sources, provided that the photon energy of the former is near
the average photon energy of the latter, this is discussed below. Using Eq. 5.8,
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we estimated the Rabsph−des values in both experiments, they are summarized in
Table 5.8 for a column density of 5 ML (only the photons absorbed in the top 5
± 1 ML participate in the photodesorption), for three monochromatic photon
energies in the Fayolle et al. (2011) work, selected to coincide with Lyman-α
(10.2 eV), the maximum cross section (9.2 eV energy), and the monochromatic
energy of 8.2 eV, i.e., the one closer to the average photon energy of the MDHL
at 8.6 eV.
Table 4.7. The VUV-absorption cross sections are provided for different irradiation
energies. Rinc values correspond to Fayolle et al. (2011), except for 8.6 eV which is the
average photon energy of our MDHL and the corresponding value of the cross section
is the average VUV-absorption cross section of pure CO ice, deposited at 8 K, in the
120-160 nm range. Rabsph−des values for a column density of about 5 ML, i.e. where
the photons absorbed contribute to a photodesorption event (Mun˜oz Caro et al. 2010;
Fayolle et al. 2011).
Irrad. Energy σ Rincph−des R
abs
ph−des
eV cm2 molec. photon−1inc molec. photon
−1
abs
10.2 1.1 × 10−19 6.9 ± 2.4 × 10−3 12.5 ± 4.4
9.2 2.8 × 10−18 1.3 ± 0.91 × 10−2 0.9 ± 0.6
† 8.2 9.3 × 10−18 5 × 10−2 1.1
8.6 4.7 × 10−18 5.1 ± 0.2 × 10−2 2.5 ± 0.1
†Peak yield value at ∼ 8.2 eV, see Fayolle et al. (2011).
Irradiation of CO ice using our VUV-lamp, with a broad band energy dis-
tribution and mean energy of ∼ 8.6 eV, gives similar Rincph−des values, but dif-
ferent Rabsph−des values than irradiation with a ∼ 8.2 eV energy monochromatic
light source (Fayolle et al. 2011). This suggests that, in this particular case,
the photodesorption rate per incident photon does not depend much on the
photon energy distribution, but this coincidence is only by chance, since the
corresponding Rabsph−des values differ significantly.
The properties of individualmolecular componentes of interstellar ice analogs
have been studied over the years (e.g., Sandford et al. 1988; Sandford & Al-
lamandola 1990; Gerakines et al. 1996; Escribano et al. 2013). Our VUV-
absorption spectra can be directly applied to astrophysical icy environments
practically made of a single compound, e.g., either CO2 or H2O largely domi-
nate the composition of different regions at the south pole of Mars (Bibring et
al. 2004). Nevertheless, interstellar ice mantles are either thought to be a mix-
ture of different species or to present a layered structure (e.g., Gerakines et al.
1995, Dartois et al. 1999, Pontoppidan et al. 2008, Boogert et al. 2011, O¨berg
et al. 2011, Kim et al. 2012). Our study on pure ices can be used to estimate
the absorption of multi-layered ice mantles, but a priori, it cannot be extrapo-
lated to ice mixtures. A follow up of this work will include ice mixtures and
VUV-spectroscopy at ice temperatures above 8 K.
4.5 Conclusions
Several conclusions can be drawn from our experimental work, they are sum-
marized as follows.
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• The combination of infrared (FTIR) spectroscopy in transmission, for the
measurement of the deposited ice column density, andVUV-spectroscopy,
allowed to determine more accurate VUV-absorption cross section values
of interstellar ice analogs with an error within 16 %, 15 %, 23 %, 19 %, and
32 % for CO, H2O, CH3OH, NH3, and H2S, respectively. The errors are
mainly caused by the ice column density decrease due to VUV-irradiation
during VUV spectral acquisition.
• For the first time, the VUV-absorption cross sections of CO, CH3OH and
H2S were measured for the solid phase, with average VUV-absorption
cross sections, respectively, of 4.7+0.4
−0.4 × 10
−18 cm2, 4.4+0.4
−0.7 × 10
−18 cm2,
and 39+3
−9 × 10
−18 cm2. The total integrated VUV-absorption cross sec-
tions are, respectively, 1.5+0.1
−0.1 × 10
−16 cm2 nm, 2.7+0.2
−0.4 × 10
−16 cm2 nm,
and 1.5+0.1
−0.3 × 10
−15 cm2 nm. Our estimated values of the average VUV-
absorption cross sections of H2O and NH3 ices, respectively, 3.4
+0.2
−0.2 ×
10−18 cm2 and 4.0+0.3
−0.5 × 10
−18 cm2, are comparable with those reported
by Mason et al. (2006), which were measured using a synchrotron as the
emission source.
• The ice samples made of molecules such as H2O, CH3OH, and NH3,
present broad absorption bands and comparable average VUV-absorption
cross sections between 3.4+0.2
−0.2 × 10
−18 cm2 and 4.4+0.4
−0.7 × 10
−18 cm2,
see Fig. 5.6. But H2S ice, which also displays a continuum spectrum,
presents about four times more absorption than the other molecules in
the same VUV range.
• Solid CO displays discrete VUV-absorption bands and very low absorp-
tion at Ly-α wavelength. But the other solid samples present high ab-
sorption at the Ly-α wavelength.
• For the H2O, CH3OH, and NH3 species, the VUV-absorption range and
the total integrated VUV-absorption cross section in the gas phase is larger
than the solid phase. An exception is H2S.
• The main emission peaks of the MDHL fall at 121.6 nm (Lyman-α), 157.8
nm and 160.8 nm (molecular H2 bands), see Fig. 8.1. It is still a common
mistake in the molecular astrophysics community to consider the MDHL
as a pure Ly-α photon source. As we already mentioned, the lamp VUV-
spectrum affects the photo-chemistry but not the VUV-spectroscopy in a
direct way, since the VUV-emission spectrum was subtracted to measure
the ice absorption in the same energy range.
• Monitoring of the photon energy distribution and the stability of the ir-
radiation source is important for the study of ice photoprocesses.
• The results are satisfactory and demonstrate the viability of the MDHL,
commonly used in irradiation experiments, as a source for vacuum-UV
spectroscopy of solid samples. Thismethod to performVUV-spectroscopy
does not require a synchrotron facility, and can be used routinely in the
laboratory.
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• Our estimation of the VUV-absorption cross sections of polar icemolecules
can be used as input in models simulating the photo-processing of ice
mantles present in cold environments, such as dense could interiors and
circumstellar regions. The data reported in this paper can be applied to
estimate the absorption of layered ice mantles, but not to ices built up
with different species that are intimately mixed.
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Chapter 5
Vacuum-UV spectroscopy of interstellar ice
analogs. II. Vacuum-UV absorption cross sections
of nonpolar ice molecules
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Abstract
In the previous chapter we reported the Vacuum-ultraviolet (VUV) absorption cross
sections of polar molecules present in ice mantles. The aim was to estimate the VUV-
absorption cross sections of nonpolar molecular ice components, including CH4, CO2,
N2, and O2. The column densities of the ice samples deposited at 8 K were measured
in situ by infrared spectroscopy in transmittance. VUV spectra of the ice samples were
collected in the 120-160 nm (10.33-7.74 eV) range using a commercial microwave dis-
charged hydrogen flow lamp. The VUV-absorption cross sections of solid CH4, N2, and
O2 are provided for the first time. Our results agree with those previously reported for
CO2 ice. For the remaining ice species, at most, only the VUV-absorption had been
measured, but the estimation of the absorption cross section is essential for models of
ice photo-procesing. This also affects the study of ice photodesorption.
5.1 Introduction
Grain surface chemistry is governated by the local H/H2 ratio. If this ratio
is large, hydrogenation is the main process, H2O is the dominant constituent,
and species like NH3 and CH4 are expected to form. In the other hand, if
the H/H2 ratio is substantially less than unity, CO molecules will be abun-
dant and species like O2 and N2 are easily formed. Therefore, two kinds of ice
mantles can be distinguished, one dominated by polar molecules and another
one dominated by nonpolar, or only slightly polar, molecules (see Tielens et
al. 1991, Chiar et al. 1995, Gerakines et al. 1996, Whittet et al. 1996). The
relative to water abundances of CO2 and CH4 are between 4-44% and 0.4-8%,
respectively, for the different interstellar environments (Mumma & Charnley
2011 and references therein).
Gas-phase molecular oxygen and nitrogen lack an electric dipole moment
which makes them infrared inactive and not observable in the radio. An indi-
rect way to determine the abundance of N2 is from millimeter observations of
the chemically linked N2H
+ ion which forms via proton transfer of H+3 with
N2 (Guchs et al. 2006). In some clouds the abundance of gaseous N2 is of the
order of 10−5 with respect to H2 (Bergin et al. 2002), whereas the coldest and
densest cores show a decrease in the gas-phase N2 by at least a factor of two
(Belloche & Andr 2003).
O2 has a
3Σ ground state and thus a magnetic dipole moment enabling
weak transitions in the sub-millimetre range between fine-structure levels. Very
low detection rates of O2 were detected toward Orion (Goldsmith et al. 2011)
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and the ρ-Oph A core (Liseau et al. 2012) with HIFI. Pontoppidan (2004) re-
ported that around 30-50% of the total oxygen is in atomic gas form, mean-
while around 29% is present in oxygen-bearing molecules in ice mantles, most
of it in the form of CO. In the other hand, around 18% of the total abundance of
nitrogen is contained in nitrogen-bearing molecules in ice mantles. The abun-
dance of O2 appears to be significantly less than that of N2. Ehrenfreund & van
Dishoeck (1998) suggested that some of this missing oxygen might be frozen
out in ice mantles as solid O2.
Synchrotron radiation has been used as a source of vacuum-ultraviolet pho-
tons to perform VUV-absorption spectroscopy of ice samples. The National
Synchrotron Radiation Research Center (NSRRC) in Taiwan (Lu et al. 2005,
Cheng et al. 2011, and Wu et al. 2012), ASTRID at the University of Aarhus,
and the UK Daresbury Synchrotron Radiation Source (Mason et al. 2006) were
used as VUV sources in their measurements. This requires application for syn-
chrotron beamtime leading to a limited use and to work with a transportable
chamber. The use of a microwave discharge H2 flow UV-lamp as the source
for VUV-absorption spectroscopy, employed in various astrochemistry labo-
ratories, allows routinely performance of VUV-absorption spectroscopy in the
120-170 nm spectral range. The polar molecular components of interstellar ice
were studied in Cruz-Diaz et al. 2013a (henceforth, Paper I). In order to have
a more complete view of the interactions between the interstellar VUV field
and icy grain mantles, we report here a similar study on nonpolar ices. Sec-
tion 5.2 describes the experimental protocol used in the experiments. Section
6.3 summarizes the VUV-absorption cross section measurements of the differ-
ent nonpolar ices studied: CO2, CH4, N2, and O2. Gas phase VUV-absorption
cross section data adapted from other works were used for comparison with
our solid phase data. In addition, the spectra of the different species were
fitted with Gaussian profiles, using an in-house IDL code, to provide an indi-
vidual VUV-absorption cross section for each feature presented in the spectra.
Section 5.4 and Section 5.5 summarize the astrophysical implications and the
conclusions, respectively.
5.2 Experimental protocol
Themeasurements were conducted using the Interstellar Astrochemistry Cham-
ber (ISAC). This set-up and the standard experimental protocol were described
in Mun˜oz Caro et al. (2010). The specific detail on the VUV-measurements of
absorption cross sections of ice are provided in Paper I. ISAC mainly consists
of an ultra-high-vacuum (UHV) chamber, with pressure typically in the range
P = 3-4.0 × 10−11 mbar, where an ice layer made by deposition of a gas species
onto a cold finger at 8 K, achieved by means of a closed-cycle helium cryostat,
can be UV-irradiated. The evolution of the solid sample was monitored with
in situ transmittance FTIR spectroscopy and VUV-spectroscopy. The chemical
components used for the experiments described in this paper were: CO2(gas),
Praxair 99.998%; CH4(gas), Praxair 99.999%; N2(gas), Praxair 99.999%; and
O2(gas), Praxair 99.8%. The deposited ice layer was photo-processedwith ami-
crowave discharged hydrogen flow lamp (MDHL), from Opthos Instruments.
The source has a UV-flux of ≈ 2 × 1014 cm−2 s−1 at the sample position, mea-
sured by CO2 → CO actinometry, see Mun˜oz Caro et al. (2010). The Evenson
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cavity of the lamp is refrigerated with air. The VUV-spectrum is measured rou-
tinely in situ during the irradiation experiments with the use of a McPherson
0.2 meter focal length VUVmonochromator (Model 234/302) with a photomul-
tiplier tube (PMT) detector equipped with a sodium salicylate window, opti-
mized to operate from 100-500 nm (11.27-2.47 eV), with a resolution of 0.4 nm.
The characterization of the MDHL spectrum was previously reported (Chen et
al. 2010, Paper I) and will be discussed in more detail by Chen et al. (2013). For
further details and a scheme of the experimental set-up we refer to Paper I.
5.3 VUV-absorption cross section of interstellar ice
analogs
VUV-absorption spectra of pure ices composed of CH4, CO2, N2, and O2 have
been recorded. The column density of the ice sample was measured by FTIR
in transmittance. The VUV-spectrum and the column density of the ice were
therefore monitored in a single experiment for the same ice sample. This im-
provement allowed to make a more accurate estimation of the VUV-absorption
cross section of the ice. The column density of the deposited ice obtained by
FTIR is calculated according to the formula
N =
1
A
∫
band
τνdν (5.1)
where N is the column density of the ice, τν the optical depth of the IR band,
dν the wavenumber differential, in cm−1, and A is the band strength in cm
molecule−1, see Table 6.1. The integrated absorbance is equal to 0.43× τ , where
τ is the integrated optical depth of the IR band. The VUV-absorption cross
section was estimated according to the Beer-Lambert law
It(λ) = I0(λ)e
−σ(λ)N
σ(λ) = −
1
N
ln
(
It(λ)
I0(λ)
)
with N ≈
Ni +Nf
2
(5.2)
where It(λ) is the transmitted intensity for a given wavelength λ, I0(λ) the
incident intensity, N is an average ice column density before (Ni) and after
(Nf ) irradiation in cm
−2, and σ is the cross section in cm2. It is important
to notice that the total VUV-flux value emitted by the lamp does not affect the
VUV-absorption spectrum of the ice sample, since it is obtained by substraction
of two spectra to obtain the absorbance in the VUV.
Several measurements for different values of the initial ice column density
were performed to improve the spectroscopy. Table 6.1 provides the infrared
band positions and band strengths of CH4 and CO2 used to estimate the col-
umn density. Solid N2 and O2 do not display absorption features in the mid-
infrared, therefore their column densities were measured using the expression
N =
NA ρi di
mi
(5.3)
whereNA is the Avogadro constant (6.022× 10
23 mol−1), ρi is the density of the
ice in g cm−3, see Table 6.1, mi is the molar mass of the species in g mol
−1, and
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di is the ice thickness in cm. The latter was estimated following the classical
interfringe relation
di =
1
2ni∆ν
(5.4)
where ni is the refractive index of the ice at deposition temperature, and ∆ν
is the wavenumber difference between two adjacent maxima or minima of the
fringes observed in the infrared spectrum of the ice. These interference fringes
are due to multiple reflections of light within the sample.
Table 5.1. Infrared band positions, infrared band strengths (A), column density (N )
in ML (as in previous works, one ML is here defined as 1015 molecules cm−2), refrac-
tive index (ni), and the density (ρi) of the samples used in this work.
Species Position A N ni ρ
[cm−1] [cm molec−1] [ML] gr cm−3
CH4 2343 7.6
+0.1
−0.1 ×10
−17 a 146+12
−29 1.30
c 0.47c
CO2 1301 6.4
+0.1
−0.1 ×10
−18 b 81+7
−11 1.21
c 0.88c
N2 – – 4774 1.21c 0.94c
O2 – – 60+5
−11 1.32
d 1.54d
ad’Hendecourt & Allamandola 1986, bYamada & Person 1964, cSatorre et al. 2008,
dFulvio et al. 2009
Solid O2 was deposited at a temperature of 8 K. We used the Fulvio et al.
(2009) values of ni and ρ at 16 K as an approximation. Error values for the col-
umn density in Table 6.1 result mainly from the selection of the baseline for in-
tegration of the IR absorption band and the decrease of the ice column density
due to VUV-irradiation during spectral acquisition. The band strengths were
adapted from the literature and their error estimations are no more than 10 %
of the reported values (Richey & Gerakines 2012). The errors in the column
density determined by IR spectroscopy were 38%, 22%, and 35% for solid CH4,
CO2, and O2, respectively. N2 and O2 do not present any IR feature but pho-
toprocessed O2 ice during VUV-spectral acquisition produces O3 very readily
and the loss of O2 can be calculated. On the other hand N2 ice does not lead
to photoproducts and the error in the column density could not be measured.
The VUV-absorption cross section errors result from the error values of the col-
umn density determination and the MDHL, photomultiplier tube (PMT), and
multimeter stabilities, about 6%, using the expression
δ(N) =
√
δ2i + δ
2
j + δ
2
k + ...+ δ
2
n
n− 1
. (5.5)
The VUV-absorption cross section spectra of CH4, CO2, N2, and O2 ices
were fitted with Gaussian profiles using the band positions reported in the
literature (Mason et al. 2006; Lu et al. 2008; Wu et al. 2012) as a starting
point, see the red dotted and dashed dotted traces in Figs. 5.1, 5.2, 5.4, and 5.5.
Table 6.2 summarizes the Gaussian profile parameters used to fit the spectra of
these ices, deposited at 8 K. Gaussian fits of the reported molecules were made
with an in-house IDL code. The fits reproduce well the VUV-absorption cross
section spectra.
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Table 5.2. Parameter values used to fit the spectra of Gaussian profiles of the different
molecular ices deposited at 8 K.
Molecule Centre FWHM Area
[nm] [nm] [× 10−17 cm2 nm]
CH4 102.0 21.2 90.2
126.0 10.6 15.6
140.0 7.1 0.6
CO2 115.3 4.2 1.8
126.4 9.9 2.1
N2 115.1 1.06 0.79
116.7 1.06 1.47
118.4 1.06 1.69
120.6 1.06 2.78
122.6 1.06 1.12
123.0 1.59 0.26
124.7 0.74 2.92
125.2 1.59 0.37
127.0 0.74 2.34
127.6 0.94 1.09
129.4 0.71 2.20
130.2 0.71 2.20
131.9 0.71 0.64
132.8 0.80 1.38
134.6 1.06 0.26
135.8 0.80 3.97
137.4 2.12 0.19
138.8 0.94 2.85
142.2 0.80 2.96
145.4 1.06 1.53
O2 140.7 25.20 21.46
161.0 23.55 4.01
The main emission peaks of the MDHL fall at 121.6 nm (Lyman-α), 157.8
nm, and 160.8 nm (molecular H2 bands). These peaks are thus also present in
the secondary VUV photon spectrum generated by cosmic rays in dense inter-
stellar clouds and circumstellar regionswheremolecular hydrogen is abundant
(Gredel et al. 1989). For this reason, the absorption cross section values mea-
sured at these wavelengths are provided for each molecule in the following
sections. We present also an average value of the VUV-absorption cross sec-
tion (a simple arithmetic mean in the spectral range indicated for each species)
and an integrated VUV-absorption cross section (an integration of the form
σINT =
∫ λf
λi
σλdλ) in the same spectral range. The same measurements have
been performed using the gas phase raw data, adapted from other works, for
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each species.
5.3.1 Solid CH4 (Methane)
The ground state of CH4 is X˜
1A1 and its bond energy is Eb(H–CH3) = 4.5 eV
(Okabe 1978).
Fig. 5.1 shows the VUV-absorption cross section of CH4 as a function of the
wavelength and photon energy. The high absorption of CH4 ice around and
below 120 nm, and the absorption of MgF2 in the same spectral region, only
allowed spectroscopic measurements starting from 120 nm instead of 113 nm.
As in the Wu et al. (2012) work, a broad absorption band extending to 137
nm (9.05 eV) and centered at 124 nm (10.0 eV) was observed. This feature is
attributed to the 1t2-3s (D2d) Rydberg transition. We detected a small bump
near 140 nm (8.85 eV), which was not observed by Wu et al. (2012) in the solid
phase, and also not by Lee et al. (2001) in the gas phase. This feature could
be produced by the VUV-absorption of a photo-product. This phenomenon is
more intense in the case of CO2 studied in detail in Sect, 5.3.2. CH4 ice presents
high absorption at Ly-α (121.6 nm) and almost no absorption at Lyman Band
System wavelengths (132-165 nm).
The average VUV-absorption cross section has a value of 5.7+0.5
−1.1 × 10
−18
cm2 in the 120-150 nm (10.33-8.26 eV). The total integrated VUV-absorption
cross section has a value of 2.0+0.1
−0.4 × 10
−16 cm2 nm (1.5+0.1
−0.3 × 10
−17 cm2 eV)
in the same spectral region. The VUV-absorption cross sections of CH4 ice at
121.6 nm is 1.4+0.1
−0.3 × 10
−17 cm2, i.e., at the Ly-α position of atomic hydrogen
and there is no observable VUV-absorption in the position of the molecular
hydrogen emission bands, at 157.8 and 160.8 nm. Gas phase data from Lee
et al. (2001) was used for comparison with our solid phase data, see Fig. 5.1,
following the work of Wu et al. (2012). The solid CH4 absorption is shifted
to shorter wavelength with respect to the gas data. The VUV-absorption cross
section of CH4 in the gas phase has an average value of 8.2 × 10
−18 cm2 in the
120-150 nm range. CH4 gas data were integrated in the same range giving a
value of 2.9 × 10−16 cm2 nm (2.09 × 10−17 cm2 eV), which is larger than the
solid CH4 value. The VUV-absorption cross section of CH4 gas at 121.6 nm is
1.8 × 10−17 cm2.
5.3.2 Solid CO2 (Carbon dioxide)
The ground state and bond energy of CO2 are, respectively, X
1Σ+g and Eb(O–
CO) = 5.5 eV (Okabe 1978).
The VUV-absorption cross section of CO2 as a function of the wavelength
and photon energy is shown in Fig. 5.2. This spectrum is very different from
the Lu et al. (2008), Mason et al. (2006), and Monahan & Walker (1974) works.
Mason et al. (2006) observed two broad bands centered at 8.8 and 9.9 eV as-
signed to the 1∆u ←
1 Σ+g and
1Πg ←
1 Σ+g transitions, respectively. Lu et al.
(2008) and Monahan & Walker (1974) reported a broad band centered at 9.8
eV. These works found a vibrational structure in this band with similar posi-
tions. The intense absorption feature in the 107-120 nm (11.53-10.33 eV) region
reported by Lu et al. (2008) is partially observed in our data. Two broad bands
in the 120-133 nm (10.33-9.32 eV) and 133-163 nm (9.32-7.60 eV) regions were
also reported by Lu et al. (2008), which are also observed in our spectrum.
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Figure 5.1. VUV-absorption cross section as a function of photon wavelength (bottom
X-axis) and VUV-photon energy (top X-axis) of CH4 ice deposited at 8 K, black solid
trace. Blue dashed trace is the VUV-absorption cross section spectrum of gas phase
CH4 adapted from Lee et al. (2001). The fit of the solid phase spectrum, red dotted and
dashed dotted trace, is the sum of three Gaussians. It has been offset for clarity.
A vibrational structure was detected in the 120-133 nm band, see Fig. 5.2 in-
let. This vibrational structure is very faint in our spectrum but 5 out of the
12 bands reported by Mason et al. (2006) are observable, see Table 5.3. In
the 133-167 nm wavelength range of Fig. 5.2, the spectrum presents a CO-like
VUV-absorption. Indeed, the VUV-light cone of our MDHL source processes
the entire volume of the CO2 ice and efficiently leads to the formation of CO
by photo-dissociation of CO2 molecules. After 9 minutes, corresponding to the
collection time of a spectrum, CO is present with a column density that is 22
% of the deposited CO2 column density, estimated from integration of the IR
bands, data not shown. This is enough, for a molecule like CO with a 7 times
larger VUV-absorption cross section than CO2, to appear in the VUV-spectrum
of CO2 ice. The measured VUV-spectrum corresponds therefore to a mixture
of CO2 and CO, but due to the interaction of CO molecules with the CO2 ice
matrix, the CO features are shifted to shorter wavelengths relative to those of
pure CO ice reported, e.g., in Paper I. This is shown in Fig. 5.3. Table 5.4 sum-
marizes the peak positions of the detected CO features in the CO2 ice and those
reported for pure CO gas and ice. The ∆λ- column in Table 5.4 represents a
red shift with respect to pure CO gas and ∆λ+ represents a blue shift with re-
spect to the pure CO ice. These shifts gradually increase at higher wavelengths.
The Davydov splitting is not observed in the features of CO in a CO2 matrix
where the (2,0) transition is the strongest (as in pure CO gas; see, e.g., Paper
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I) in contrast to the VUV-absorption spectrum of pure CO ice where the (1,0)
transition dominates. The band positions of CO2 are not significantly affected
by the presence of CO because they are in fair agreement with those reported
in the previous works. The resulting fit and Gaussians involved are displayed
in Fig. 5.2 as a red dashed dotted trace. The 142.5 nm (8.70 eV) band reported
by Lu et al. (2008) was not fitted because of the overlap with the features of
photo-produced CO in our experiment. The exact peak position of the feature
at wavelengths shorter than 120 nm could not be confirmed because it falls out
of our spectral range.
An upper limit for the average and the total integrated VUV-absorption
cross section was calculated subtracting the presence of CO, they are, respec-
tively, 6.7+0.5
−0.9 × 10
−19 cm2 and 2.6+0.2
−0.3 × 10
−17 cm2 nm (1.9+0.1
−0.2 × 10
−18 cm2 eV)
in the wavelength range of 120-160 nm (10.33-7.74 eV). The VUV-absorption
cross section of CO2 ice at 121.6 nm is 1.0
+0.1
−0.2 × 10
−18 cm2. The VUV-absorption
cross section at Lyman Band System range (132-165 nm) was not measured due
to the presence of CO. Gas phase data from Yoshino et al. (1996) was used
for comparison with the solid phase data, see blue trace in Fig. 5.2. Mason et
al. (2006) reported similar values for the gas and solid phase VUV-absorption
cross sections, but using Yoshino et al. (1996) gas phase data and our solid
phase data we can observe clearly that the VUV-absorption cross section of
CO2 gas is lower than the solid phase value, see Fig. 5.2. Mason et al. (2006)
solid phase spectra displays a maximum at 9.9 eVwith a VUV-absorption cross
section of 1.2 × 10−18 cm2, lower than the 1.9+0.1
−0.2 × 10
−18 cm2 value deduced
from our data. The VUV-absorption cross section of CO2 in the gas phase data
from Yoshino et al. (1996) has an average value of 3.3 × 10−19 cm2 120-160 nm
range. CO2 gas data were integrated in the spectral range, giving a value of 1.5
× 10−17 cm2 nm (8.2 × 10−19 cm2 eV), which is lower than the value for solid
CO2 in the same range (2.6
+0.2
−0.3 × 10
−17 cm2 nm). The VUV-absorption cross
section of CO2 gas at 121.6 nm is very low, 6.3 × 10
−20 cm2.
It should be noted that, despite the presence of the photo-produced CO in
our VUV-spectra of CO2, the VUV-absorption cross sections are not very dif-
ferent from previously reported values. The data presented in this section pro-
vides some evidence on the CO2:COmixture effects in the VUV-spectrum. The
VUV-spectroscopy of ice mixtures has been poorly studied (Wu et al. 2012), but
it is essential to understand the absorption of UV-photons in icy grain mantles.
Table 5.3. Transitions observed in the VUV-absorption cross section spectrum of CO2
in the 120-133 nm region. The positions are in fair agreement with Mason et al. (2006)
and Monahan & Walker (1974).
This work Mason et al. Monahan &Walker
(2006) (1974)
[nm] [eV] [eV] [eV]
125.0 9.91 9.93 9.90
126.4 9.82 9.85 9.82
126.8 9.77 9.77 9.74
127.4 9.73 9.70 9.67
128.0 9.68 9.62 9.59
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Table 5.4. Transitions of pure CO in gas and ice phases, and in a CO2 matrix with
a CO abundance of 22 %. CO gas transitions are shifted to shorter wavelengths with
respect to CO in a CO2 matrix (column ∆λ-), which in turn are shifted to shorter
wavelengths with respect to pure CO ice transitions (column∆λ+).
Lu et al. (2005) This work Paper I
(ν’,ν”) Pure CO gas CO in CO2 matrix Pure CO ice
[nm] ∆λ- [nm] ∆λ+ [nm]
7,0 134.7 0.1 134.8 0.4 135.2
6,0 136.9 0.1 137.0 0.6 137.6
5,0 139.3 0.1 139.4 0.6 140.0
4,0 142.1 0.1 142.2 0.6 142.8
3,0 144.8 0.2 145.0 1.0 146.0
2,0 147.9 0.3 148.2 1.2 149.4
1,0 151.1 0.3 151.4 1.6 153.0
0,0 154.4 0.6 155.0 1.6 156.6
Figure 5.2. VUV-absorption cross section as a function of photon wavelength (bottom
X-axis) and VUV-photon energy (top X-axis) of CO2 ice deposited at 8 K, black solid
trace. Blue dashed trace is the VUV-absorption cross section spectrum of gas phase
CO2 adapted from Yoshino et al. (1996). The fit, solid red dotted and dashed dotted
trace, is the sum of two Gaussians. Inlet figure is a CO2 VUV-absorption cross section
close-up in the 124-129 nm range.
5.3.3 Solid N2 (Nitrogen)
The ground state and bond energy of N2 are, respectively, X
1Σ+g and Eb(N–N)
= 9.8 eV (Okabe 1978).
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Figure 5.3. Comparison between the VUV-absorption cross section spectra of CO (red
trace) and CO2 (black solid trace, the CO2 ice is mixed with CO formed during the
spectral acquisition). CO transitions in a CO2 matrix are shifted to shorter wave-
lengths with respect to pure CO ice (red dashed dotted trace) transitions.
Due to its very low VUV-absorption cross section, a deposition of 2.36 µm,
nearly 4.7× 1018 molecules cm−2, for N2 ice was required to detect the absorp-
tion features. The VUV-absorption cross section as a function of wavelength
and photon energy is shown in Fig. 5.4. It presents a vibrational structure in the
114-147 nm (10.87-8.43 eV) region. Two systems (attributed to a1Πg ← X
1Σ+g
and w1∆u ← X
1Σ+g ) can be observed. These systems had been reported by
Boursey et al. (1978), Mason et al. (2006), and Wu et al. (2012). In agreement
with Boursey et al. (1978) andWu et al. (2012) we do not observe the two broad
continua between 133-163 nm (9.30-7.60 eV) and 113-133 nm (9.30-11.0 eV) that
Mason et al. (2006) reported. The VUV-absorption cross section spectrum of
N2 is not as well resolved as in other works but this should not affect the VUV-
absorption cross section scale that we provide, because no integration of the
band area is involved. Table 5.5 summarizes the peak position and the band
area integration of all the features presented. Even though our UV-lamp flux
decreases below 120 nm, three features are observed in that spectrum range.
The average VUV-absorption cross section has a value of 7.0 × 10−21 cm2
114.6-146.8 nm (10.82-8.44 eV) range. The total integrated VUV-absorption
cross section has a value of 2.3 × 10−19 cm2 nm (1.8 × 10−20 cm2 eV) in the
same spectral region. The later value is indeed affected by the low resolution of
our VUV-absorption spectrum. A spectrum with better resolved bands would
result in a lower value. Comparing our value of VUV-absorption cross section
to data from Wu et al. (2012), we estimated an increase of 34% in the total
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Table 5.5. Transitions observed in the VUV-absorption cross section spectrum of N2.
Columns (1) and (2) values are represented in Fig. 5.4.
(ν’,ν”) Position Area
(1) (2) [nm] [eV] [cm2 nm] [cm2 eV]
11,0 115.2 10.76 7.0×10−22 8.1×10−23
10,0 116.6 10.63 2.7×10−21 2.5×10−22
10,0+9,0 118.4 10.47 1.1×10−20 1.0×10−21
9,0+8,0 120.6 10.28 2.2×10−20 1.9×10−21
8,0+7,0 122.6 10.11 9.0×10−21 6.8×10−22
7,0+6,0 124.8 9.93 1.9×10−20 1.6×10−21
6,0+5,0 127.0 9.76 2.5×10−20 1.9×10−21
5,0+4,0 129.4 9.58 2.6×10−20 1.9×10−21
4,0+3,0 133.0 9.32 1.6×10−20 1.2×10−21
3,0+2,0 135.8 9.12 2.3×10−20 1.6×10−21
2,0+1,0 138.8 8.93 2.2×10−20 1.5×10−21
1,0+0,0 142.2 8.71 2.0×10−20 1.2×10−21
0,0 145.4 8.52 1.2×10−20 7.2×10−22
integrated VUV-absorption cross section value, therefore this integrated value
would be ∼ 1.5 × 10−19 cm2 nm. The VUV-absorption cross section at Ly-α
(121.6 nm) is very low, we estimated an upper limit value of 1.0 × 10−21 cm2.
There is no observable VUV-absorption at molecular hydrogen band wave-
lengths (157.8 and 160.8 nm). Gas phase VUV-absorption data adapted from
Mason et al. (2006) have been plotted in Fig. 5.4 as a blue dashed trace. The gas
data of Mason et al. (2006) are not in cross section units, this is why we did not
calculate the average and the total integrated VUV-absorption cross sections.
5.3.4 Solid O2 (Oxygen)
The ground state of O2 is X
3Σ−g and its bond energy is Eb(O–O) = 5.1 eV (Okabe
1978).
The VUV-absorption cross section as a function of wavelength and pho-
ton energy is shown in Fig. 5.5. The O2 ice thickness estimation based on the
fringes method, described in Sect. 6.3, requires a thick ice of about 60 ML. But
the VUV-absorption cross section measurement only works well for thin ices
below 200 ML. Therefore, several experiments were performed to ensure that
the ice thickness estimation was correct in the case of O2 . Solid O2 presents
a broad band centered at 141 nm (8.79 eV) in the 118-162 nm (10.50-7.65 eV)
region (attributed to the B˜3Σ−u ← X
3Σ−g transition, named as Schmann-Runge
band). It also presents a feature centered at 177 nm (7.0 eV), according to Ma-
son et al. (2006) and Lu et al. (2008), beyond our spectral range. The resulting
fit and Gaussians involved are represented in Fig. 5.5 by a red dashed dotted
trace. Following Lu et al. (2008), there is no obvious requirement for a broad
line centered near 161 nm (7.70 eV), but without this band the resulting fit in
the 150-162 nm range would not be as good.
The average VUV-absorption cross section has a value of 4.8+0.4
−1.0 × 10
−18
cm2 in the 120-162 nm (10.33-7.65 eV) range. The total integrated VUV-absorption
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Figure 5.4. VUV-absorption cross section as a function of photon wavelength (bottom
X-axis) and VUV-photon energy (top X-axis) of N2 ice deposited at 8 K, black solid
trace. Blue dashed trace is the VUV-absorption cross section spectrum of gas phase N2
adapted from Mason et al. (2006). The fit, red dotted and dashed dotted trace, is the
sum of twenty Gaussian profiles. It has been offset for clarity.
cross section has a value of 2.4+0.2
−0.5 × 10
−16 cm2 nm (1.5+0.1
−0.3 × 10
−17 cm2 eV)
in the same spectral region. The VUV-absorption cross sections of the O2 ice at
Ly-α (121.6 nm) and the molecular hydrogen band emissions (157.8 and 160.8
nm) are, respectively, 1.4+0.1
−0.3 × 10
−18 cm2, 4.6+0.4
−0.9 × 10
−18 cm2, and 3.9+0.3
−0.8 ×
10−18 cm2. Gas phase data from Lu et al. (2010) was used for comparison to
our solid phase data, see Fig. 5.5. Solid and gas phase data have a broad ab-
sorption band but only the gas phase spectrum presents discrete transitions.
The VUV-absorption cross section of O2 in the gas phase has an average value
of 4.0 × 10−18 cm2. The O2 gas spectrum was integrated in the 118-162 nm
range giving a value of 3.3 × 10−16 cm2 nm (2.0 × 10−17 cm2 eV), i.e. larger
than the solid O2 value. The VUV-absorption cross sections of O2 gas at 121.6
nm, 157.8 nm and 160.8 nm are, respectively, 2.5 × 10−18 cm2, 6.5 × 10−18 cm2,
and 4.7× 10−18 cm2, which are also larger than the solid phase measurements,
with the exception of the Ly-α wavelength (121.6 nm).
5.3.5 Comparison between all the species
Fig. 5.6 shows a comparison of the VUV-absorption cross section for all the
species represented in the same linear scale. Due to its low VUV-absorption
cross section, the N2 spectrumwas multiplied by a factor of 200 for a better ap-
preciation. It can be observed that the most absorbing molecule around the hy-
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Figure 5.5. VUV-absorption cross section as a function of photon wavelength (bottom
X-axis) and VUV-photon energy (top X-axis) of O2 ice deposited at 8 K, black solid
trace. Blue dashed trace is the VUV-absorption cross section spectrum of gas phase O2
adapted from Lu et al. (2010). The fit, solid red dotted and dashed dotted trace, is the
sum of two Gaussians. It has been offset for clarity.
drogen Ly-α (121.6 nm) position is CH4. Solid O2 is the most absorbent around
the Lyman Band System. N2 gives the lowest absorption in both cases. All the
species absorb at the Ly-α wavelength, with the exception of N2 for which an
upper limit was given in Sect. 5.3.3. CH4 and N2 absorb VUV-photons with
wavelengths lower than 150 nm, while O2 absorbs in all the scanned range.
Table 5.6 makes a comparison between the VUV-absorption cross sections of
all the species in the gas and solid phase as well as an average VUV-absorption
cross section in the 120.8-122.6 nm and 132-162 nm range normalized by the
Ly-α and Lyman Band System photon flux of our MDHL.
5.4 Astrophysical implications
Interstellar and circumstellar ice mantles are composed of several species like
H2O, CO, NH3, CO2, CH4, and CH3OH among others (Mumma & Charnley
2011, and ref. therein). In some cases, these molecular ice components are
mixed in the ice mantle.
The VUV-absorption cross section spectrum of CO2 presented in this work
has the disadvantage of beingmixedwith the COproduced by the VUV-irradiation
of the MDHL used to make the VUV-spectroscopy of the species. But on the
other hand our data shows that a binary ice mixture containing CO2 and CO
can lead to a mixed VUV-absorption spectrum where mixture effects can be
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Table 5.6. Comparison between the VUV-absorption cross sections in the 120-160 nm
range of all the species in the gas and solid phase. “Total Int.” is the total integrated
VUV-absorption cross section in this range, “Avg.” is the average VUV-absorption
cross section. “Ly-α” and “LBS” are the average VUV-absorption cross sections in the
120.8-122.6 nm and 132-162 nm range normalized by the photon flux. The last three
columns are the VUV-absorption cross sections at wavelengths 121.6 nm (correspond-
ing to the maximum intensity of the Ly-α peak), 157.8 and 160.8 nm (main peaks of
the Lyman Band System). All the VUV-absorption cross section values in the table
should be multiplied by 1 × 10−18 cm2 as indicated below.
Species Total Int. Avg. Ly-α LBS 121.6 nm 157.8 nm 160.8 nm
[× 10−16 cm2 nm] [× 10−18 cm2]
S
o
li
d
p
h
as
e CH4 2.0
+0.1
−0.4 5.7
+0.5
−1.1 15 1.5 14
+0.1
−0.3 — —
CO2 0.26
+0.02
−0.03 0.67
+0.5
−0.9 1.0 3.6 1.0
+0.1
−0.2 — —
N2 0.0023 0.007 0.003 0.001 0.001 — —
O2 2.4
+0.2
−0.5 4.8
+0.4
−1.0 1.5 5.4 1.4
+0.1
−0.3 4.6
+0.4
−0.9 3.9
+0.3
−0.8
G
as
p
h
as
e
CO2
a 0.15 0.33 — — 0.063 0.17 0.095
CH4
b 2.9 8.2 — — 18 — —
N2
c — — — — — — —
O2
d 3.3 4.0 — — 2.5 6.5 4.7
Raw data adapted from a Lee et al. (2001), b Yoshino et al. (1996), c Mason et al. (2006),
and d Lu et al. (2010) were used to calculate the reported gas phase values.
appreciated, using this new way of performing VUV-spectroscopy (cf Wu et al.
2010, 2012), where the band profiles and positions are altered to some extent
by mixture effects.
As it is commonly observed in, e.g. infrared spectra, multicomponent ice
mantles likely display VUV-absorption features corresponding to the various
species, being CO themost absorbingmolecule in the VUV among the common
ice components. VUV-irradiation of CO2 ice led to a 22 % of COwith respect to
the starting CO2 column density. CH3OH ice lead to 16 % of CO for the same
UV-fluence, see Paper I. Both two production rates ar not so different but only
the VUV-absorption cross section spectrum of CO2 ice presents CO features.
In the other hand, the average VUV-absorption cross section of CH3OH ice is
almost 10 times larger than the average VUV-absorption cross section of CO2
in the 133-160 nm range.
The VUV-spectrum of CO in a CO2 ice matrix is different from that of pure
CO ice, with shifted positions that fall half way between the gas and solid CO
values, see Table 5.4 and Fig. 5.3. Therefore, CO in a solid CO2 matrix can be
treated as a highly porous CO ice mantle. Infrared spectroscopy of CO2:CO =
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Figure 5.6. VUV-absorption cross section as a function of wavelength (lower X-axis)
and photon energy (top X-axis) of all the species in the solid phase at 8 K. It should
be noted that the CO2 absorption only occurs at wavelengths shorter than 133 nm,
the absorption at longer wavelengths is due to the photo-produced CO during spectral
adquisition.
20:1 ice shows a similar trend, the CO band shifts from 2138.6 cm−1 (for pure
CO ice) to 2139.7 cm−1 and the FWHM increases from 2.5 cm−1 (pure CO ice)
to 5.8 cm−1 (Sandford et al. 1988)
Formation of N3 from N2 irradiation with VUV-photons is extremely dif-
ficult (Hudson & Moore 2002). Proton and electron bombardment is more ef-
fective in the production of the azide radical than VUV-photons (Hudson &
Moore 2002; Jamieson & Kaiser 2007). The likely explanation is the low VUV-
absorption cross section that N2 possesses. Detection of N3 in space could be
indicative of the presence of a cosmic ray field, or alternatively VUV-photons
with energies higher than Ly-α (10.2 eV) that could not be studied in this work.
The latter possibility is very unlikely because much more intense absorption
are not expected in the short interstellar radiation field range, from 91.2 to 114
nm, that was not measured in the laboratory.
Regarding the two homonuclear molecules studied, O2 and N2, the for-
mer presents a broad absorption band in the 118-160 nm range with a VUV-
absorption cross section of the order of 10−18 cm−2, while N2 presents a vibra-
tional structure in the 118-150 nm range with a VUV-absorption cross section
of the order of 10−20 cm−2. Using the Pontoppidan (2004) approximation of
the abundances of nitrogen and oxygen, these two orders of magnitude differ-
ence can determine different photochemistry efficiencies for N2 and O2. This
supports that a photo-chemistry richer in O than in N is expected in icy grain
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mantles, because a significant fraction of the N atoms could be locked as solid
N2.
The ice penetration depth of photonswith a givenwavelength, or the equiv-
alent absorbing ice column density of a species in the solid phase, can be cal-
culated from the VUV-absorption cross section following
N(λ) =
−1
σ(λ)
ln
(
It(λ)
I0(λ)
)
(5.6)
using the definition of N in the equation 5.3 the corresponding ice thickness
d =
N mi
NA ρi
(5.7)
where It(λ) is the transmitted intensity for a given wavelength λ, I0(λ) the in-
cident intensity, N(λ) is the absorbing column density in cm−2, and σ(λ) is
the cross section in cm2. Following the estimation for polar ice molecules pro-
vided in Paper I, Table 6.3 summarizes the penetration depth of the nonpolar
ice species for an absorbed photon flux of 95% and 99% using the cross sec-
tion value at Ly-α, the average cross section in the 120-160 nm range, and the
maximum cross section in the same range.
Table 5.7. Ice thickness of the different species, corresponding to an absorbed photon
flux of 95% and 99%. “Ly-α” corresponds to the cross section at the Ly-α wavelength,
121.6 nm; in the case of CO, the upper limit in the cross section leads to a lower limit
in the absorbing column density. “Avg.” corresponds to the average cross section in
the 120-160 nm range. “Max.” corresponds to the maximum cross section in the same
wavelength range.
95% absorption 99% absorption
species Ly-α Avg. Max. Ly-α Avg. Max.
[µm] [µm]
CH4 0.12 0.30 0.10 0.19 0.46 0.15
CO2 2.43 1.25 3.74 5.68 1.93
N2* 1.48 mm 0.02 mm 0.004 mm 0.23 mm 0.03 mm 0.007 mm
O2 0.74 0.21 0.13 1.13 0.33 0.19
* N2 values are in mm due to is low VUV-absorption cross section.
Fayolle et al. (2013) reported the photodesorption of N2 and O2 ice as a
function of photon wavelength, see Figs. 1 and 3 of that work, respectively. It
can be observed that the photodesorption in the 10.8-8.4 eV spectral range is
very low compared with the photodesorption in the 12.0-13.8 eV range for N2.
This is mainly due to the low absorption cross section that we report in that
region, see Fig. 5.4. In the case of O2, Fig. 5.5 resembles the photodesorption
profile of O2 for different photon wavelengths in Fayolle et al. (2013).
Using the expresion
Rabsph−des =
I0
Iabs
Rincph−des (5.8)
developed in Paper I, we can estimate the photodesorption rate per absorbed
photon, Rabsph−des, which differs significantly from the photodesorption rate per
incident photon, Rincph−des, see Table 5.8.
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Table 5.8. The VUV-absorption cross sections are provided for different irradiation
energies. Rincph−des values have adapted from Fig. 3 of Fayolle et al. (2013) at the
starting, the maximum, and the minimum (at 7.6, 9.4, and 10.5 eV, respectively). The
8.6 eV value have been added because is the average photon energy of our MDHL.
Calculations have been done for a 30 ML ice column density, see Fayolle et al. (2013).
Irrad. Energy σ Rincph−des R
abs
ph−des
eV cm2 molec. photon−1inc molec. photon
−1
abs
10.5 7.1 × 10−19 ∼ 1 × 10−3 0.05
9.4 6.3 × 10−18 ∼ 7 × 10−3 0.04
8.6 8.0 × 10−18 ∼ 4.5 × 10−3 0.02
7.6 3.5 × 10−18 ∼ 1.5 × 10−3 0.015
For N2 ice, Fayolle et al. (2013) reported an upper limit of R
inc
ph−des ≤ 4 ×
10−3 molecules per incident photon in the spectral range below 12.4 eV for N
= 30 ML. The average absorption cross section for N2 ice that we measured in
that range is σ = 7 × 10−21 cm2. The resulting photodesorption rate is quite
high, Rabsph−des ≤ 19 molecules per absorbed photon, meaning that a very small
fraction of the incident photons are absorbed in the ice but each absorbed pho-
ton led to the photodesorption of about 19 molecules on average (this in fact
is a maximum value because Fayolle et al. (2013) measured photodesorption
rates that do not exceed 4 × 10−3 molecules per incident photon).
A more direct comparison between N2 and O2 ice photodesorption rates
could be made if the number of monolayers closer to the ice surface that truly
contribute to the photodesorption was known. This value has not been esti-
mated for other ices diferent from CO (about 5 ML, Mun˜oz Caro et al. 2010,
Fayolle et al. 2011, and Chen et al. 2013). The above values of Rincph−des and
Rabsph−des correspond to the total ice column density of 30 ML in the experi-
ment of Fayolle et al. 2013). With this uncertainty still remaining, we can con-
clude that if the VUV-absorption cross section of each specific ice composition
is taken into account, it is possible to estimate the efficiency of the photodes-
orption per absorbed photon; in the case of N2, for VUV photon energies that
do not lead to direct dissociation of the molecules in the ice, these values are
higher than unity. This observation and the fact that photons absorbed in ice
monolayers deeper than the top monolayers (up to 5 for CO) can lead to a pho-
todesorption event, indicate that the excess photon energy is transmitted to
neighboring molecules in the ice within a certain range Rakhovskaia et al. 1995
(this range may correspond to about 5 ML in the case of CO ice, e.g. Mun˜oz
Caro et al. 2010). In the case of O2 the VUV photons have enough energy to
dissociated the molecule, which makes harder to measure the photodesorption
rate because the dissociation dominates between the two processes.
5.5 Conclusions
This work adds to Paper I to complete our set of 9 molecular ice components
(CO, H2O, CH3OH, NH3, H2S, CH4, CO2, N2, and O2) selected to perform
VUV-spectroscopy in the 120-160 nm spectral range. Some key aspects of this
work are summarized below:
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• For the first time to our knowledge, the VUV-absorption cross sections of
CH4, N2, and O2 were measured for the solid phase, with average VUV-
absorption cross sections, respectively, of 5.7 +0.5/-1.1 × 10−18 cm2, 7.0
+0.6/-1.4× 10−21 cm2, and 4.8 +0.4/-1.0× 10−18 cm2. The total integrated
VUV-absorption cross sections are, respectively, 2.0 +0.1/-0.4× 10−16 cm2
nm, 2.3 +0.2/-0.5× 10−19 cm2 nm, and 2.4 +0.2/-0.5× 10−15 cm2 nm. Our
estimated value of the average VUV-absorption cross section of CO2 ice,
2.6 +0.2/-0.3 × 10−17 cm2, is comparable with that reported by Mason et
al. (2006), which was measured using a synchrotron as the monochro-
matic VUV-emission source.
• The ice samples made of N2 or CO2 display discrete VUV-absorption
bands, the latter were not well resolved, while samples containing O2 or
CH4 present a continuum VUV-absorption band, see Fig. 5.6, where N2
presents by far the lowest VUV-absorption cross section.
• The ice sample is inevitably UV-irradiated for a few minutes during the
spectral acquisition in our experimental configuration, which can lead to
photo-product formation. This effect is clearly observed in the case of
CO2 because the CO photo-produced has a large VUV-absorption cross
section compared to CO2 in the solid phase. In this experiment, the CO
bands are shifted in position and their profiles changed with respect to
the pure CO ice spectrum reported in Paper I. These mixture effects were
not significantly studied and have clear implications for the absorption of
multicomponent ice mantles in space.
• The VUV-absorption cross sections of the two homonuclear molecules
studied, N2 and O2, differ by two orders of magnitude. This affects their
photodesorption rates and the formation pf photoproducts in the ice ma-
trix.
Acknowledgements
This research was financed by the Spanish MICINN under projects AYA2011-
29375 and CONSOLIDER grant CSD2009-00038. This work was partially
supported by NSC grants NSC99-2112-M-008-011-MY3 and NSC99-2923-M-
008-011-MY3, and the NSF Planetary Astronomy Program under Grant AST-
1108898.
References
Belloche, A., & Andr, P. 2003, ApJ, 593, 906
Bergin, E. A., Langer, W. D., & Goldsmith, P. F. 2002, ApJ Lett., 570, 101
Boursey, E., Chandrasekharan, V., Grtler, P., et al. 1978, Phys. Rev. Lett., 41, 1516
Brith, M. & Schnepp, O., 1965, Mol. Phys., 9, 473.
Chen, Y.-J., Chu, C.-C, Lin, Y.-C, et al., 2010, Adv. Geosci. 25, 259
Chen, Y.-J. et al., 2013, A&A, in press.
Cheng, B.-M., Lu, H.-C., Chen, H.-K., et al., 2006, ApJ, 647, 1535
Cheng, B.-M., Chen, H.-F., Lu, H.-C., et al., 2011, ApJ S.S., 196, 3
Chiar, J. E., Adamson, A. J., Kerr, T. H., & Whittet, D. C. B. 1995, ApJ, 455, 234
93 References
Collings, M. P., Anderson, M. A., Chen, R., et al., 2004, Mon. Not. R. Astron.
Soc., 354, 1133
Cruz-Diaz G. A., Mun˜oz Caro G. M., Chen Y.-J., 2013a, A&A, accepted.
Dalgarno, A. & Stephens, T. L., 1970, ApJ, 160, L107
Darwent, B. de B., 1970, National standard reference data system, 31, 70-602101
Dawes, A., Mukerji, R.J., Davis, M. P., Holtom, P. D., & Webb, S.M., 2007, J.
Chem. Phys. 126, 244711
Ehrenfreund, P. & van Dishoeck, E. F., 1998, Adv. Space Res., 21, 15
Feng, R., Cooper, G., & Brion, C. E., 1999, Chem. Phys., 244, 127
Fuchs, G. W., Acharyya, K., Bisschop, S. E., et al., 2006, Faraday Discussions,
133, 331
Fulvio, D., Sivaraman, B., Baratta, G. A., Palumbo, M. E., & Mason, N. J., 2009,
Spectrochimica Acta Part A, 72, 1007
Gallo, A. R. & Innes, K. K., 1975, J. Mol. Spectrosc., 54, 472
Gerakines, P. A., Schutte, W. A. & Ehrenfreund, P., 1996, A&A, 312, 289
Goldsmith, P. F., Liseau, R., Bell, T. A., et al., 2011, ApJ, 737, 96
Gredel, R., Lepp, S., & Dalgarno, A., 1989, ApJ, 347, 289
Fayolle, E. C., Bertin, M., Romanzin, C., Michaut, X., et al. 2011, ApJ Letters,
739, L36
Fayolle, E. C., Bertin, M., Romanzin, C., Poderoso, H. A. M., et al. 2013, A&A,
556, A122
Hincelin, U., Wakelam, V., Hersant, F., et al., 2011, A&A, 530, A61
Hudson, R. D. & Carter, V. L., 1968, J. Opt. Soc. Am., 58, 227
Hudson, R. L. & Moore, M. H., 2002, ApJ, 568, 1095
Inn, E. C. Y., 1954, Spectrochimica Acta, 7, 65
Jamieson, C. S. & Kaiser, R. I., 2007, Chem. Phys. Letters, 440, 98
Jime´nez-Escobar, A. & Mun˜oz Caro, G.M., 2011, A&A. 536, 11
Kuo, Y.-P., Lu, H.-C., Wu, Y.-J., Cheng, B.-M. & Ogilvie, J. F., 2007, Chem. Phys.
Lett., 447, 168
Lee, A. Y. T., Yung, Y. L., Cheng, B.-M., et al., 2001, ApJ Lett., 551, L93
Liseau, R., Goldsmith, P. F., Larsson, B., Pagani, L., & Bergman, P., 2012., A&A,
541, A73
Lu, H.-C., Chen, H.-K., Cheng, B.-M., Kuo, Y.-P. & Ogilvie, J. F., 2005, J. Phys.
B: At. Mol. Opt. Phys., 38, 3693
Lu, H.-C., Chen, H.-K., Cheng, B.-M. & Ogilvie, J. F., 2008, Spectrochimica Acta
Part A: Molecular and biomolecular spectroscopy, 71, 1485
Lu, H. -C., Chen, H. -K., Chen, H. -F., Cheng, B. -M. & Ogilvie, J. F., 2010, A&A,
520, A19
Kalvans, J. & Shmeld, I., 2010, A&A, 521, A37
Mason, N. J., Dawes, A., Holton, P. D., et al., 2006, Faraday Discussions, 133,
311
Merrill, K. M., Russell, R. W. & Soifer, B. T., 1976, ApJ, 251, 533
Monahan, K. M. & Walker, W. C., 1974, J. Chem. Phys., 61, 3886
Mota, R., Parafita, R., Giuliani, A., et al., 2005, Chem. Phys. Lett., 416, 152
Mumma, M. J. & Charnley, S. B. 2011, Annu. Rev. Astro. Astrophys., 49, 471
Mun˜oz Caro, G. M., Jime´nez-Escobar, A., Martı´n-Gago, J. A´., et al, 2010, A&A,
522, A108
Nee, J. B., Suto, M., & Lee, L. C., 1985, Chemical Physics, 98, 147.
O¨berg K.I., Fuchs G.W., Awad Z. et al., 2007, ApJ, 662, L23
O¨berg K.I., van Dishoeck E.F., & Linnartz H., 2009, A&A, 496, 281
94 References
O¨berg, K. I., Boogert, A. C. A., Pontoppidan, K. M., et al., 2011, The Molecular
Universe, Proceedings IAU Symposium No 280
Okabe, H., 1978, Photochemistry of small molecules, John Wiley & Sons, New
York
Pontoppidan, K. M., PhD Thesis, Leiden University, 2004
Pontoppidan, K. M., Blake, G. A., van Dishoeck, E. F., et al., 2008, ApJ, 684,
1323
Price, W. C. & Simpson, D. M., 1938, Proc. Roy. Soc. (Lond.), A165, 272
Rakhovskaia O., Wiethoff P., & Feulner P., 1995, NIM B, 101, 169
Samson, J. A. R. & Ederer, D. L., 2000, VacuumUltaviolet Spectroscopy, Elsevier
Inc
Sandford, S. A., Allamandola, L. J., Tielens, A. G. G. M., & Valero, G. J., 1988,
ApJ, 329, 498
Sandford, S. A., Allamandola, L. J., & Bernstein, M. P., 1997, From stardust to
planetesimals ASP conference series, 122, 201
Satorre, M. A´., Domingo, M., Milla´n, C., et al., 2008, Planetary and Space Sci-
ence, 56, 1748
Smith, P. L., Rufus, L., Yoshino, K., & Parkinson, W. H., 2002, NASA Laboratory
Astrophysics Workshop, NASA/CP-2002-21186, 158
Soifer, B. T., Puetter, R. C., Russell, R. W., et al., 1979, ApJ, 232, L53
Sternberg, A., 1989, ApJ, 347, 863.
Tielens, A. G. G. M., Allamandola, L. J., Bregman, J., et al., 1984, ApJ, 287, 697
Tielens, A. G. G. M., Tokunaga, A. T., Geballe, T. R., & Baas, F. 1991, ApJ, 691,
1459
van Dishoeck, E. F., Phillips, T. G., Keene, J., & Blake, G. A., 1992, ApJ Lett.,
441, 222
Whittet, D. C. B., Schutte, W. A., Tielens, A. G. G. M., et al., 1996, A&A, 315,
L357
Wu, Y.-J., Lu, H.-C., Chen, H.-K., & Cheng, B.-M., 2007, J. Chem. Phys., 127,
154311
Wu, Y.-J., Lin, M.-Y., Chou S.-L., et al., 2010, ApJ, 721, 856
Wu, Y.-J., Wu, C. Y. R., Chou S.-L., et al., 2012, ApJ, 746, 175
Yoshino, K., Esmond, J. R., Sun, Y., et al., 1996, J. Quant. Spectrosc. Radiat.
Transfer, 55, 53
Yamada, H. & Person, W. B. 1964, J. Chem. Phys., 41, 2478
Chapter 6
Vacuum-UV absorption spectroscopy of interstellar
ice analogs. Isotopic effects.
G. A. Cruz-Diaz, G. M. Mun˜oz Caro, and Y.-J. Chen
Submitted to MNRAS
Abstract
This paper reports the first measurements of solid-phase vacuum-ultraviolet (VUV)
absorption cross sections of heavy isotopologues present in icy dust grain mantles of
dense interstellar clouds and cold circumstellar environments. Pure ices composed of
D2O, CD3OD, 13CO2, and 15N15N were deposited at 8 K, a value similar to the coldest
dust temperatures in space. The column density of the ice samples was measured in
situ by infrared spectroscopy in transmittance. VUV spectra of the ice samples were
collected in the 120-160 nm (10.33-7.74 eV) range using a commercial microwave dis-
charged hydrogen flow lamp as the VUV source. Prior to this work, we have recently
submitted a similar study of the light isotopologues (Cruz-Diaz et al. 2013a; Cruz-Diaz
et al. 2013b). The VUV spectra are compared to those of the light isotopologues in the
solid phase, and to the gas phase spectra of the same molecules. Our study is expected
to improve very significantly the models that estimate the VUV absorption of ice mantles
in space, which have often used the available gas phase data as an approximation of
the absorption cross sections of the molecular ice components. We will show that this
work has also important implications for the estimation of the photodesorption rates per
absorbed photon in the ice.
6.1 Introduction
After molecular hydrogen (H2), the molecules H2O, CO, CO2, and CH3OH,
are among the most abundant in the interstellar medium, as it has been in-
ferred from observations of the gas and solid phase (Mumma & Charnley 2011,
and references therein). The main elements, and their corresponding isotopes,
which compose most volatile molecules in the interstellar medium, are H:D,
12C:13C, 14N:15N, and 16O:17O:18O. Despite the low cosmic deuterium abun-
dance, D/H∼ 10−5, partially deuterated methanol molecules were detected in
the gas phase toward low-mass class 0 protostars with abundances up to about
60 % relative to CH3OH (Parise et al. 2006). D2O has been detected toward
the solar-type protostar IRAS 16293-2422 (Butner et al. 2007; Vastel et al. 2010).
In addition to numerous observations of 13CO2 in the gas phase, this molecule
was also detected in ice mantles with a 12CO2/
13CO2 ratio of 69 ± 15 for the
local interstellar medium (Boogert et al. 2000). Deuterium enrichment can be
the result of low temperature gas-grain reactions because of the differences in
zero-point energies between deuterated and non-deuterated species (Wilson et
al. 1973). Robert 2003 showed that the multiply deuterated isotopologues of
H3
+ can efficiently transfer deuterons to other neutral molecules in very cold
(≤ 20 K) gas depleted of its CO (because the CO molecules are frozen onto
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refractory dust grain mantles).
It is therefore important to study the physical and chemical properties of
molecules containing heavy isotopes. This study focusses on the isotopic ef-
fects observed in the vacuum-ultraviolet (VUV) absorption spectra of three of
the most abundant inter- and circumstellar species in the solid phase: H2O,
CH3OH, and CO2. Among the possible isotopologues, the fully deuterated
ones were selected, D2O and CD3OD, in addition to
13CO2. Also
15N15N,
henceforth abbreviated as 15N2, was included in our study to explore the iso-
topic effects in a homonuclear diatomic molecule that was also observed in
space (Bergin et al. 2002; Belloche & Andre´ 2003). Two recent papers report the
VUV absorption cross sections of the light isotopologues in the ice (Cruz-Diaz
et al. 2013a, 2013b), henceforth referred to as Papers I and II, respectively).
The data in Paper I and II were used for comparison to this work. In addi-
tion, the VUV absorption spectra of the same molecules in the gas phase were
also adapted to illustrate the differences between the gas and the solid phase
samples.
6.2 Experimental protocol
Themeasurements were conducted using the Interstellar Astrochemistry Cham-
ber (ISAC). This set-up and the standard experimental protocol were described
in detail in Mun˜oz Caro et al. 2010. ISAC mainly consists of an ultra-high-
vacuum (UHV) chamber, with pressure typically in the range P = 3-4.0× 10−11
mbar at room temperature, where an ice layer is made by deposition of a gas
species onto a cold finger at 8 K. The low temperature is achieved by means
of a closed-cycle helium cryostat. The ice sample can be either UV-irradiated
or warmed up to room temperature. The evolution of the solid sample was
monitored with in situ Fourier transform infrared (FTIR) spectroscopy in trans-
mittance and VUV spectroscopy. The chemical compounds used for the experi-
ments described in this paper were: D2O(liquid), Cambridge Isotope Laborato-
ries, Inc (C.I.L.) 99.9%; CD3OD(liquid), C.I.L. 99.8%;
13CO2(gas), C.I.L. 99.0%;
and 15N2(gas), C.I.L. 98.0%.
The deposited ice layer was VUV irradiated using a microwave discharged
hydrogen flow lamp (MDHL), from Opthos Instruments. The source has a UV-
flux of ≈ 2 × 1014 cm−2 s−1 at the sample position, measured by CO2 → CO
actinometry, see Mun˜oz Caro et al. 2010. The Evenson cavity of the MDHL is
refrigerated with air. The VUV spectrum was measured routinely in situ dur-
ing the experiments with the use of a McPherson 0.2 meter focal length VUV
monochromator (Model 234/302) with a photomultiplier tube (PMT) detector
equipped with a sodium salicylate window, optimized to operate from 100-500
nm (11.27-2.47 eV), with a spectral resolution of 0.4 nm. The characterization
of the MDHL spectrumwas previously reported (Chen et al. 2010; Paper I) and
was discussed in more detail by Chen et al. 2013.
6.3 VUV spectroscopy
VUV absorption cross sections were obtained for pure ices composed of D2O,
CD3OD,
13CO2, and
15N2. These measurements were performed following the
procedure described in Paper I and summarized below. The column density
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of the deposited ice was calculated using FTIR spectroscopy in transmittance,
according to the formula
N =
1
A
∫
band
τνdν (6.1)
where N is the column density of the ice, τν the optical depth of the band,
dν the wavenumber differential in cm−1, and A is the band strength in cm
molecule−1. The VUV absorption cross section was estimated according to the
Beer-Lambert law
It(λ) = I0(λ)e
−σ(λ)N (6.2)
where It(λ) is the transmitted intensity for a given wavelength λ, I0(λ) the
incident intensity, N is the column density in cm−2 obtained using eq. 6.1, and
σ is the VUV absorption cross section in cm2.
For each ice spectrum a series of three measurements was performed: i) the
emission spectrum of the VUV-lamp was measured, to monitor the intensity of
the main emission bands, ii) the emission spectrum transmitted by the MgF2
substrate window was measured, to monitor its transmittance, and iii) the
emission spectrum transmitted by the substrate window with the deposited
ice on top was measured. The absorption spectrum of the ice corresponds to
the spectrum of the substrate with the ice after subtraction of the bare MgF2
substrate spectrum.
A priori, the VUV absorption cross section of the ice was not known. There-
fore, several measurements for different values of the initial ice column density
were performed to improve the spectroscopy. Table 6.1 provides the infrared
band positions and band strengths of D2O, CD3OD, and
13CO2 used to es-
timate the column density. 15N2 does not display absorption features in the
mid-infrared, therefore the column density of 15N2 was measured using the
expression
N =
ρN2 dH
NA mN2
(6.3)
where ρN2 is the density of the N2 ice, see Table 6.1, mN2 is the molar mass
of the N2 molecule, NA is the Avogadro constant (6.022 × 10
23 mol−1), and
dH is the ice thickness in cm. The latter was estimated following the classical
interfringe relation
dH =
1
2nH∆ν
(6.4)
where dH is the ice thickness in cm, nH is the refractive index of the ice at
deposition temperature, and ∆ν is the wavenumber difference between two
adjacent maxima or minima of the fringes observed in the infrared spectrum
of the ice.
No IR band strength values were found in the literature for the D2O and
CD3OD species. These values were therefore calculated using eqs. 6.4, 6.3
and 6.1. Refractive indices of H2O, CH3OH, and N2 were used as an approx-
imation (1.30, 1.39, and 1.21, respectively, see Mason et al 2006; Hudgins et al.
1993; Satorre et al. 2008). Error values for the column density in Table 6.1 have
been estimated taking into account the error in the calculation of the column
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Table 6.1. Infrared band positions, infrared band strengths (A), column density (N )
in ML (as in previous works, one ML is here defined as 1015 molecules cm−2), and
refractive index (nH ) of the samples used in this work. Pure
15N2 ice does not display
any features in the mid-infrared.
Species Position A N ρ
[cm−1] [cm molec−1] [ML] gr cm−3
D2O 2413 1.0 ± 0.2 ×10−16 a 266 ± 10 1.05
CD3OD 973 7.0 ± 0.3 ×10−18 b 65 ± 8 1.14
13CO2 2276 7.8 ± 0.1 ×10−17 c 321 ± 12 –
15N2 – – 4009 ± 410 0.94
a,b Calculated by the us, see Section 6.3, c Gerakines et al. 1995
density and the column density decrease by UV irradiation during the VUV
spectral acquisition.
The main emission peaks of the MDHL fall at 121.6 nm (Lyman-α), 157.8
nm, and 160.8 nm (molecular H2 bands). These peaks are thus also present in
the secondary VUV photon spectrum generated by cosmic rays in dense inter-
stellar clouds and circumstellar regionswheremolecular hydrogen is abundant
(Gredel et al. 1989). For this reason, the VUV absorption cross section values
measured at these wavelengths are provided for eachmolecule in the following
sections.
The VUV absorption cross section spectra of D2O, CD3OD,
13CO2, and
15N2
ices were fitted using the sum of two or more Gaussian profiles using an in-
hose IDL code. The fits correspond to the lowest χ2 values. Table 6.2 summa-
rizes the Gaussian profile parameters used to fit the spectra of the different ice
compositions deposited at 8 K.
6.3.1 Solid D2O (Deuterium oxide)
The VUV absorption cross section spectrum of D2O ice (black trace) and H2O
ice (blue trace) are displayed in Fig. 6.1. Cheng et al. 2004 andChung et al. 2001
report the VUV absorption cross sections of D2O andH2O in the gas phase, de-
picted in Fig. 6.1 as red and violet traces, respectively. The transition 4a1:A˜
1B1 ←
1b1:X˜
1A1 accounts for the absorption in the 145-180 nm region, which reaches
its maximum at 166.0 nm for D2O and at 167.0 nm for H2O in the gas phase,
this accounting for a shift of ∼ 1 nm. The same transition was observed for
both solid D2O and H2O, with bands centered at 141.4 nm and 142.6 nm, re-
spectively. This corresponds to a shift of 24.6 ± 0.4 nm for D2O and 24.4 ± 0.4
nm for H2O ices compared to the gas phase. Solid D2O presents a maximum
in the VUV absorption cross section with a value of 5.8 ± 0.2 × 10−18 cm−2, a
value close to the one estimated for solid H2O, 6.0 ± 0.1 × 10
−18 cm−2. The
portion of the band in the 120-132 nm range (attributed to the transition B˜1A1
← X˜1A1, according to Lu et al. 2008) is present in the four spectra, but due to
the MgF2 window cutoff in our set-up it was not possible to determine the
position of the maximum for this band in the solid samples.
The average VUV absorption cross section of solid D2O has a value of 2.7
± 0.1 × 10−18 cm2 in the 120-165 nm (10.35-7.51 eV) spectral region, i.e. lower
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Table 6.2. Gaussian parameter values used to fit the spectra of the different molecular
ices deposited at 8 K.
Molecule Centre FWHM Area
[nm] [nm] [× 10−17 cm2 nm]
D2O ∼120.0 17.6 7.9
141.5 16.2 9.5
151.2 9.9 1.2
CD3OD ∼120.2 25.9 26.7
145.7 20.9 11.3
160.5 11.5 1.4
13CO2 115.3 4.2 1.8
126.4 9.9 2.1
15N2 115.5 0.5 0.8
117.0 1.1 1.5
119.2 1.1 1.7
120.8 1.1 2.8
123.0 1.1 3.4
123.5 1.6 1.0
125.0 0.7 3.2
126.1 1.6 0.6
127.4 0.7 3.4
128.5 0.9 1.3
129.9 0.8 1.9
130.8 0.8 2.4
132.1 0.7 0.7
133.2 0.8 3.2
134.8 1.1 0.3
136.2 0.5 4.9
138.0 2.1 0.1
139.0 0.8 2.4
142.2 0.6 4.6
145.4 1.8 3.8
than the 3.4 ± 0.1 × 10−18 cm2 value of solid H2O. The total integrated VUV
absorption cross section of solid D2O is 1.2 ± 0.3 × 10
−16 cm2 nm (8.6 ± 0.3
× 10−18 cm2 eV) in the same spectral region, which again is low compared
to solid H2O, 1.8 ± 0.2 × 10
−16 cm2 nm. The VUV absorption cross sections
of D2O ice at 121.6 nm, 157.8 nm, and 160.8 nm are, respectively, 4.4 ± 0.1 ×
10−18 cm2, 0.8 ± 0.1 × 10−18 cm2, and 0.3 ± 0.1 × 10−18 cm2, i.e. lower than
the values for H2O, respectively, 5.2 ± 0.1 × 10
−18 cm2, 1.7 ± 0.1 × 10−18 cm2,
and 0.7 ± 0.1 × 10−18 cm2. The VUV absorption cross section of D2O in the
gas phase has an average value of 3.4 × 10−18 cm2. D2O gas data have been
also integrated in the 120-180 nm range, giving a value of 1.9 × 10−16 cm2 nm
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Figure 6.1. VUV absorption cross section as a function of photon wavelength (bottom
X-axis) and photon energy (top X-axis) of D2O ice deposited at 8 K, black trace. Blue
trace is the VUV absorption cross section spectrum of solid phase H2O, adapted from
Paper I. Red and violet traces are the VUV absorption cross section spectra of gas
phase D2O and H2O, respectively, adapted from Cheng et al. (2004) and Chung et al.
(2001).
(1.1 × 10−17 cm2 eV). Both of them, the average and the integrated values, are
larger than the ones obtained for solid D2O. The VUV absorption cross sections
of gas phase D2O at 157.8 nm and 160.8 nm are, respectively, 4.0 × 10
−18 cm2
and 5.5 × 10−18 cm2, also larger than the solid phase measurements. No gas
phase data was found for the Ly-α wavelength (121.6 nm).
6.3.2 Solid CD3OD (Deuterated methanol)
Fig. 6.2 shows the VUV absorption cross section of solid CD3OD, black trace,
and solid CH3OH, blue trace, as a function of wavelength and photon energy.
Cheng et al. 2002 reported the VUV absorption cross section spectra of CD3OD
(red trace) and CH3OH (violet trace) in the gas phase, see Fig. 6.2. The VUV
spectra corresponding to the gas phase contain plenty of features, while solid
VUV spectra are very smooth, with no distinct local maxima. Paper I reports
a bump centered at 146.9 nm (associated to the 21A” ← X1A’ molecular tran-
sition) for solid CH3OH; this band is centered at 145.7 nm for solid CD3OD.
These maxima were estimated using Gaussian fits of the bands. The peaks
centered at 146.5 nm and 159.3 nm for gas phase CD3OD are shifted to shorter
wavelengths with respect to gas phase CH3OH (peaks centered at 146.8 nm
and 160.4 nm, respectively). The MgF2 window cutoff in our setup, near 114
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Figure 6.2. VUV absorption cross section as a function of photon wavelength (bot-
tom X-axis) and UV-photon energy (top X-axis) of CD3OD ice deposited at 8 K, black
trace. Blue trace is the VUV absorption cross section spectrum of solid phase CH3OH
adapted from Paper I. Red and violet traces are the VUV absorption cross section spec-
tra of gas phase CD3OD and CH3OH, respectively, adapted from Cheng et al. (2002).
nm, only allowed the detecting of a fraction of the broad band corresponding to
the 31A”← X1A’ molecular transition. This band is present in the four spectra
of Fig. 6.2.
The average VUV absorption cross section of solid CD3OD has a value of
4.6 ± 0.3 × 10−18 cm2 in the 120-175 nm (10.33-7.04 eV) spectral region, quite
similar to the solid CH3OH value of 4.4 ± 0.3 × 10
−18 cm2. The total inte-
grated VUV absorption cross section of solid CD3OD is 2.6 ± 0.4 × 10
−16 cm2
nm (1.7 ± 0.4 × 10−17 cm2 eV) in the same spectral region, very close to the
solid CH3OH value, 2.7 ± 0.4 × 10
−16 cm2 nm, reported in Paper I. At the
Ly-α wavelength, 121.6 nm, the VUV absorption cross section of CD3OD ice is
higher than the value corresponding to CH3OH ice (9.7 ± 0.3 × 10
−18 cm2 and
8.6 ± 0.3 × 10−18 cm2, respectively). For the H2 molecular transitions at 157.8
nm and 160.8 nm, the VUV absorption cross sections of CD3OD ice (2.9± 0.3×
10−18 cm2 and 2.2 ± 0.3 × 10−18 cm2) are lower than the values corresponding
to CH3OH ice (3.8 ± 0.3 × 10
−18 cm2 and 2.9 ± 0.3 × 10−18 cm2). The VUV
absorption cross section of CD3OD in the gas phase has an average value of 8.6
× 10−18 cm2, almost twice larger than the value measured for the solid phase.
CD3OD gas data were integrated in the 120-175 nm range giving a value of
3.4 × 10−16 cm2 nm (2.2 × 10−17 cm2 eV), i.e, larger than the VUV absorption
cross section (2.6 × 10−16 cm2 nm) of solid CD3OD. The VUV absorption cross
sections of CD3OD gas at 121.6 nm, 157.8, and 160.8 nm are, respectively, 13.4
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Figure 6.3. VUV absorption cross section as a function of photon wavelength (bottom
X-axis) and VUV photon energy (top X-axis) of 13CO2 ice deposited at 8 K, black
trace. Blue trace is the VUV absorption cross section spectrum of solid CO2 adapted
from Paper II. Inlet figure is a close-up of the 13CO2 VUV absorption cross section in
the 124-129 nm range. The spectrum of solid CO2 was offset by 1 × 10
−18 cm2 for
clarity.
× 10−18 cm2, 10.8× 10−18 cm2, and 0.6× 10−18 cm2, which are also larger than
the ice phase measurements provided above, except for the 160.8 nm value.
6.3.3 Solid 13CO2 (carbon-13C dioxide)
The VUV absorption cross section of 13CO2 ice as a function of the wavelength
and photon energy is shown in Fig. 6.3, black trace. It is similar to the one
reported for CO2 ice in Paper II, depicted as a blue trace in Fig. 6.3. A broad
band centered at 9.8 eV, assigned to the 1Πg ←
1 Σ+g transition, is observed
in these spectra. Paper II reports a vibrational structure in the 120.0-133.0 nm
range for CO2; these weak features were poorly resolved in our spectrometer.
Fig. 6.3 inlet shows the same bands for 13CO2 ice. For comparison, the dotted
lines in the inlet represent the five band positions reported in Paper II for solid
CO2.
All the discrete bands observed beyond 130 nm correspond to the absorp-
tion of photo-produced CO in the CO2 ice matrix. It was therefore not possible
to measure the spectrum of pure CO2 ice with our experimental configura-
tion. For this, a synchrotron radiation source is required, see Paper II and ref.
therein. Similarly, the bands of photo-produced 13CO are present in the spec-
trum of 13CO2 ice, see Fig. 6.3. The proportion of
13CO relative to the deposited
103 6.3. VUV spectroscopy
13CO2 is around 14% in this experiment, as it was inferred from integration of
the infrared absorption features of 13CO2 at 2283 cm
−1 and 13CO at 2092 cm−1.
Features centered at 155.0 nm, 151.4 nm, 148.2 nm, 145.2 nm, 142.4 nm, 139.6
nm, 137.2 nm, and 135.0 nm correspond to the photoproduced 13CO. The mea-
sured VUV spectrum corresponds therefore to a mixture of 13CO2 and
13CO.
An important effect is the shift of the 13CO features in this experiment with
respect to those of pure CO ice, but the spectrum of 13COwas not available for
comparison to our results. This issue was discussed in Paper II for CO in the
CO2 ice matrix, which was compared to pure CO ice. Such ice mixture effects
have important implications for the VUV absorption of ice in space, where the
molecular components are either mixed or layered in the ice mantles.
Upper limits for the average and the total integrated VUV absorption cross
sections were calculated after subtraction of the 13CO spectrum; they are, re-
spectively, 6.9 ± 1.5 × 10−19 cm2 and 3.1 ± 1.2 × 10−17 cm2 nm (2.3 ± 1.1 ×
10−18 cm2 eV). These values are comparable with the CO2 values reported in
Paper II, 6.7 ± 1.4 × 10−19 cm2 and 2.6 ± 1.2 × 10−17 cm2 nm for the average
and the total integrated VUV absorption cross sections, respectively. The VUV
absorption cross section of 13CO2 ice at 121.6 nm is 1.1 ± 0.2 × 10
−18 cm2, very
close to the 1.0 ± 0.2 × 10−18 cm2 value for CO2. No previous gas or solid
phase VUV spectra of 13CO2 were found in the literature.
6.3.4 Solid Nitrogen-15N2
The VUV absorption cross section of 15N2 ice, black trace in Fig. 6.4, analogous
to that of N2, blue trace, is very low. For this reason, a deposition of about
N = 4009 ± 410 × 1015 molecules cm−2 was required to detect the absorption
features. Paper II summarizes the complete study of solid and gas phase N2.
Solid 15N2 should present the same vibrational structure as solid N2 in the 114-
147 nm (10.87-8.43 eV) region. The two systems (attributed to a1Πg ← X
1Σ+g
and w1∆u ← X
1Σ+g transitions) can be appreciated in Fig. 6.4. The noise level
in these measurements was high compared to the other ices studied, due to
the low intensity of the bands and the detection limit of the VUV spectrometer.
Some features are shifted to a shorter wavelengths above the 0.4 nm resolution
of our measurements, but these shifts did not exceed 0.8 nm.
The average VUV absorption cross section of 15N2 ice has a value of 8.7 ±
1.9 × 10−21 cm2, i.e. higher than 7.0 ± 1.7 × 10−21 cm2 calculated for N2 in
Paper II. The total integrated VUV absorption cross section of 15N2 ice has a
value of 3.0 ± 1.1 × 10−19 cm2 nm (2.2 ± 0.9 × 10−20 cm2 eV) in the 114.6-
146.8 nm (10.82-8.44 eV) spectral region, which can be compared to 2.3 ± 0.8
× 10−19 cm2 nm for N2 ice. The VUV-absorption cross section spectrum of
15N2 is not as well resolved as in other works but this should not affect the
VUV-absorption cross section scale that we provide, because no integration of
the band area is involved, see Paper II. The VUV absorption cross section at
Ly-α (121.6 nm) is very low, we estimated an upper limit value of 1.5 ± 1.0 ×
10−21 cm2. There are no observable VUV absorption features at the molecular
hydrogen band wavelengths (157.8 and 160.8 nm). No gas or solid phase VUV
spectra of 15N2 were found in the literature.
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Figure 6.4. VUV absorption cross section as a function of photon wavelength (bottom
X-axis) and VUV photon energy (top X-axis) of 15N2 ice deposited at 8 K, black trace.
Blue trace is the VUV absorption cross section spectrum of solid phase N2 adapted
from Paper II. The spectrum of solid N2 was offset by 4 × 10
−20 cm2 for clarity.
6.4 Astrophysical Implications and Final Conclusions
The absorption of energetic photons by gas phase molecules and dust grains
in various space environments is a key issue in astrophysics. If the absorption
cross sections are known for the photon wavelength range of interest, a quan-
titative estimation of the photon absorption and the photon penetration depth
in the absorbing material can be attained.
The absorbing ice column density of a species in the solid phase, can be
calculated from the VUV absorption cross section following
N(λ) =
−1
σ(λ)
ln
(
It(λ)
I0(λ)
)
(6.5)
where It(λ) is the transmitted intensity for a given wavelength λ, I0(λ) the
incident intensity, N(λ) is the absorbing column density in cm−2, and σ(λ) is
the cross section in cm2. Table 6.3 summarizes the absorbing column densities
of the ice species for an absorbed photon flux of 95% and 99% using the cross
section value at Ly-α, the average cross section in the 120-160 nm range, and
the maximum cross section in the same range. The values corresponding to the
lighter isotopologues are reported in Papers I and II.
A larger column density of solid D2O ice is needed to reach 95 and 99%
of the total photon absorption with respect to the solid H2O values, due to its
lower VUV absorption cross section. The same holds for solid CD3OD and
CH3OH, with the exception of the Avg. value, which is higher in the solid
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Table 6.3. Absorbing column densities, of the different ice species, corresponding to
an absorbed photon flux of 95% and 99%. “Ly-α” corresponds to the cross section at
the Ly-α wavelength, 121.6 nm. “Avg.” corresponds to the average cross section in
the 120-160 nm range. “Max.” corresponds to the maximum cross section in the same
wavelength range.
95% photon absorption 99% photon absorption
species Ly-α Avg. Max. Ly-α Avg. Max.
(×1017 molecule cm−2) (×1017 molecule cm−2)
D2O 6.8 11.1 5.3 10.5 17.1 8.1
CD3OD 3.1 6.5 3.1 4.7 10.0 4.7
13CO2 27.2 43.7 12.0 41.8 67.1 18.4
15N2 19971 3443 749 30701 5293 1151
H2O 5.8 8.3 4.9 8.9 13.0 7.7
CH3OH 3.5 5.7 3.4 5.4 8.7 5.3
CO2 29.3 44.5 15.1 45.1 68.4 23.3
N2 29957 4280 881 46052 6579 1354
CD3OD sample. For solid
13CO2 a larger column density is needed to reach 95
and 99% of the total photon absorption with respect to solid CO2. In the other
hand, within the significant errors associated to their VUV absorption cross
section measurements, 15N2 ice seems to be similar or slightly more absorbing
than N2. For the first time, we report the VUV absorption cross section as
a function of photon energy for D2O, CD3OD,
13CO2, and
15N2 in the solid
phase at 8 K.
All four molecules present a shift to shorter wavelengths in their VUV
spectrum with respect to their corresponding light isotopologues. Deuterated
species experience the largest blue-shift among the molecules studied. This
could be expected from previous works on deuterated species in the gas phase,
but the shifts measured in the solid phase were larger in comparison. The av-
erage and the integrated VUV absorption cross section values are close for the
different isotopologues. The relatively small variations between isotopologues
may only play a minor role in the absorption of VUV radiation in space.
Large differences were found between the VUV absorption cross section
spectra of solid and gas phase species (Papers I, II, and ref. therein; this work).
This has important implications for the absorption of VUV photons in dense
clouds and circumstellar regions.
There is a clear correspondence between the photodesorption rates mea-
sured at different photon energies and the VUV absorption spectrum for the
same photon energies. This indicates that photodesorption of some ice species
like N2 and CO is mainly driven by a desorption induced by electronic transi-
tion (DIET) process (Fayolle et al. 2011, 2013). Unfortunately, the N2 and
15N2
ice absorption spectra at photon energies higher than 12.4 eV, where photodes-
orption is efficient, have not beenmeasured. But the low photodesorption rates
measured at energies below 12 eV by Fayolle et al. 2013 (nomore than 4× 10−3
molecules per incident photon for 15N2 ice) is compatible with its low ice ab-
sorption cross section, reported here for the same spectral range. In addition,
the observed photodesorption occurs in the same spectral range where the ab-
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sorption bands of Fig. 6.4 are present. The lower photodesorption reported by
Fayolle et al. 2013 for the Ly-α wavelength at 121.6 nm, 1.5 × 10−3 molecules
per incident photon, coincides with a low absorption in Fig. 6.4, and the max-
imum in the photodesorption occurs approximately at ∼ 135 nm, where the
most intense absorption band is present, see Fig. 6.4. The photodesorption rate
per absorbed photon in that range, Rabsph−des, can be estimated as follows
Rabsph−des =
I0
Iabs
Rincph−des (6.6)
where
Iabs =
λf∑
λi
I0(λ)− I(λ) =
λf∑
λi
I0(λ)(1− e
−σ(λ)N )
and I0 is the total photon flux emitted (Fayolle et al. 2013 reports 3-11.5 × 10
12
photons cm−2 s−1, in our experiments this flux is about 2.0 × 1014 photons
cm−2 s−1), Iabs is the total photon flux absorbed by the ice, I0(λ) is the pho-
ton flux emitted at wavelength λ, σ(λ) is the VUV absorption cross section at
the same wavelength, and N is the column density of the ice sample. Rincph−des
corresponds to a photodesorption rate of ≤ 4 × 10−3 molecules per incident
photon in the spectral range below 12.4 eV for N = 60 × 1015 cm−2 (60 mono-
layers) from Fayolle et al. 2013, while the average absorption cross section for
15N2 ice that we measured in that range is σ = 8.7 ± 1.9 × 10
−21 cm2. The
resulting photodesorption rate is thus quite high, Rabsph−des ≤ 7.7 molecules per
absorbed photon, meaning that a very small fraction of the incident photons
are absorbed in the ice but each absorbed photon led to the photodesorption
of about 7.7 molecules on average (this in fact is the maximum value because
Fayolle et al. 2013 measured photodesorption rates, Rincph−des, that do not exceed
4 × 10−3 molecules per incident photon).
In the case of CO ice deposited also at 15 K, it was found that only the pho-
tons absorbed in the top 5 monolayers led to photodesorption with a rate of 2.5
CO molecules per absorbed photon in those 5 monolayers (based on Mun˜oz
Caro et al. 2010, but using an average cross section of CO ice of 4.7 ± 0.4
× 10−18 cm2 adapted from Paper I). This value for CO ice is about 3.1 times
lower than the maximum estimated above for the 60 ML of the 15N2 ice ex-
periment of Fayolle et al. 2013. A more direct comparison between N2 and CO
ice photodesorption could be made if the number of N2 monolayers closer to
the ice surface that truly contribute to the photodesorption was known (in the
case of CO ice these are ∼ 5 monolayers, this value has not been estimated for
N2 ice and therefore the values of R
inc
ph−des and R
abs
ph−des correspond to the total
ice column density of 60 monolayers in the experiment of Fayolle et al. 2013).
With this uncertainty still remaining, we can conclude that if the VUV absorp-
tion cross section of each specific ice composition is taken into account, it is
possible to know what is the efficiency of the photodesorption per absorbed
photon; in the case of N2 and CO, for VUV photon energies that do not lead
to direct dissociation of the molecules in the ice, these values are higher than
unity. The values of Rabsph−des >1 and the fact that the photons absorbed in ice
monolayers deeper than the top monolayers (up to 5 for CO) can lead to a
photodesorption event, indicate that the excess photon energy is transmitted
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to neighboring molecules in the ice within a certain range (this range may cor-
respond to about 5 monolayers in the case of CO ice, e.g., Rakhovskaia et al.
1995; O¨berg et al. 2007, 2009; Mun˜oz Caro et al. 2010); if a molecule on the
ice surface receives sufficient energy, it may photodesorbs (Mun˜oz Caro et al.
2010).
It should also be noted that ice photodesorption experiments performed
with a continuum emission source (like the MDHL), mimicking the secondary
VUV field in dense cloud interiors, can lead to photodesorption rates that are
intrinsically different from those obtained in experiments using a monochro-
matic source (generally provided by a synchrotron beam), we refer to Chen et al. 2013
for the case of CO ice photodesorption.
This work, along with Papers I and II, provides essential data to attempt a
more quantitative study of VUV absorption of molecules forming ice mantles,
and the photon processes involved: photo-processing leading to destruction of
molecules and formation of new species, and photo-desorption of molecules in
the ice that are ejected to the gas phase.
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Chapter 7
Photodesorption of interstellar ice analogs
H2O is the dominant ice component in dense clouds. At present, five interstel-
lar features have been detected which fit reasonably well with laboratory H2O
ice spectra (Omont et al. 1990, Smith et al. 1993). The 3280 cm−1 band is typi-
cally one of the strongest in the interstellar spectra. Molecular cloud spectra of-
ten contain a prominent absorption near 1460 cm−1. It was suggested early on
that much of this absorption might be due to the CH deformation mode vibra-
tion of methanol (Hagen et al. 1980, Tielens et al. 1984). Although supported
by laboratory studies, the unequivocal identification of methanol required the
detection of its other bands (Grim et al. 1991, Allamandola et al. 1992). CH3OH
abundances deduced from all of the features taken together suggest that other
species contribute to the interstellar absorption around 1460 cm−1. Aliphatic
organic compounds and carbonates are reasonable candidates (Allamandola
& Sandford 1988)). Gas phase methanol enhancements have been found in
star and planet forming regions of dense clouds where CH3OH molecules are
thought to desorb thermally from ice mantles. After H2O, the most studied
interstellar ice component is probably carbon monoxide. CO has a character-
istic absorption feature near 2140 cm−1. Its position, width, and profile are a
sensitive function of the ice matrix in which the CO is frozen (Sandford et al.
1988, Elsila et al. 1997). Many, but not all, of the lines-of-sight that contain
H2O ice also contain CO ice. Although a few of the CO bands have positions
and profiles consistent with CO frozen in H2O-rich matrices. The presence of
CO2 in grain mantles has been predicted by a variety of models employing ei-
ther grain surface reactions or UV photolysis of the mantle. Tielens and Hagen
(1982) have shown that CO2 is produced by the grain surface reaction: CO+O
→ CO2 when the temperature is higher than about 8 K. UV photolysis of an
H2O:CO ice mixture (Sandford et al. 1988), and energetic processing of CO,
CH3OH, and H2O:CH3OH ices have also been shown to produce CO2 (Alla-
mandola, Sandford & Valero 1988, Palumbo & Strazzulla 1993). Despite these
numerous potential routes for the production of solid CO2, it has eluded con-
clusive detection until the launch of the Infrared Space Observatory (ISO). The
several infrared absorption bands of CO2 (Sandford & Allamandola 1990) are
not detectable by ground-based or airborne observatories due to strong telluric
absorption. The structure and the presence of CO2 in ice mantles as a mixed or
pure ice component is discussed in Chapter 8.
7.1 Water (H2O)
Using the QMS technique, photoproduced molecules in the gas phase were
detected during the irradiation of H2O ice. We were able to observe H2O, H2,
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O2, and H2O2 photodesorption. Fig. 7.1 shows how the partial pressures of the
species rise up when the UV-lamp is turned on and decrease after it is turned
off. This is an indication of photodesorption of H2O and its photoproducts.
Fig. 7.2 also displays the thermal desorption of the same species which co-
desorb around 170 K, which means that a fraction of the products formed by
UV-irradiation were trapped in the H2O ice matrix until H2O desorbs.
Figure 7.1. photodesorption of H2O and its photoproducts during the various irradi-
ation intervals. The curves were offset for clarity.
7.2 Methane (CH4)
During the irradiation of CH4 ice, the following species were detected: H2,
CH4, C2H4, C3H8, C2H2, and C2H6.
7.3 Oxygen (O2)
The mass spectrum of molecular oxygen is represented by m/z = 32 for the
molecular ion. The only photoproduct of O2 is O3. Fig. 7.5 shows the irradia-
tion of O2 and the photodesorption of m/z = 16 (O
+) is observed. The latter
could be indicative of atomic oxygen desorption, but it can be simply explained
by the fragmentation of O2 in the filament of the QMS. In the other hand, O3
photodesorption was not detected and therefore, if it occurs, it should be neg-
ligible. This could be due to the photodissociation of ozone into molecular and
atomic oxygen, which prevails over the ozone photodesorption. Fig. 7.6 shows
the desorption of molecular oxygen at 34 K, while ozone desorbs at 64 K.
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Figure 7.2. TPD curves of irradiated H2O ice and all its observed photoproducts. The
curves were offset for clarity.
Figure 7.3. photodesorption of CH4 and its photoproducts during the various irradia-
tion intervals. The curves were offset for clarity.
7.4 Nitrogen (N2)
The thickness of deposited N2 ice, measured using the fringes method in the
infrared spectrum, was 0.9 µm. The ice was irradiated for 1362 minutes. The
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Figure 7.4. TPD curves of irradiated CH4 ice and all its observed products. The
curves were offset for clarity.
Figure 7.5. Photodesorption of molecular oxygen during the various irradiation inter-
vals.
sample was warmed up with a heating rate of 1 K/min up to its sublimation
temperature at ∼ 30 K. The mass spectrum of N2 during deposition was mea-
sured with the QMS. The main mass fragment was m/z = 28 (N2), while m/z
= 14 (N) represents only 5.1% of the total m/z = 28, the latter is due to frag-
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Figure 7.6. TPD curves of irradiated O2 ice and the O3 photoproduct.
mentation of N2 in the filament of the QMS. The left panel of Fig. 7.7 shows
the different intervals where the UV-lamp was turned on, i.e. the partial gas
pressure increases, and later when the lamp is turned off, followed by a rapid
decrease. It was observed that N2 (m/z = 28) photodesorbs when the UV-lamp
is on. The azide radical N3 (m/z = 42), the only photoproduct of the irradi-
ation of N2 ice, does not photodesorb. UV-irradiation of pure N2 ice leads to
formation of N and N3, and a fraction of these species photodesorbs.
The most energetic photons emitted by our H2-lamp, Ly-α (10.2 eV), are
below the bond dissociation energy of N2. Dissociation is thus inefficient and
occurs via N2 + N
∗
2 → N3 + N. This reaction explains the observed photodes-
orption of N3 and N. The right panel of Fig. 7.8 presents the TPD curve of
irradiated N2 ice. The maximum of the thermal-desorption curve occurs near
30 K.
7.5 Ammonia (NH3)
The same experimental protocol used for N2 was employed for NH3. After
deposition of NH3 ice, it was UV-irradiated and then warmed up. The mass
spectrum of NH3 was measured by QMS during deposition. The main mass
fragment was m/z = 17 followed by m/z = 16 (87.7% relative to m/z = 17),
m/z = 15 (4.95%) and m/z = 14 (1.51%). The left panel of Fig. 7.9 shows the
effect of UV-irradiation of the sample as a function of irradiation time. Desorp-
tion of m/z = 17 (NH3), m/z = 2 (H2), and m/z = 28 (N2) was observed. H2
and N2 were the main products detected. The photodesorption rate of H2 and
N2 increases during irradiation while NH3 photodesorption remains almost
constant. There is an excess in the m/z = 17 intensity which indicates that pho-
todesorption is taking place. The right panel of Fig. 7.10 shows the sublimation
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Figure 7.7. Photodesorption of N2 corresponding to m/z = 28, and m/z = 42 (N3)
monitored by QMS. Turning on and off the UV-lamp leads to a rising and a fast de-
crease of the partial pressures.
Figure 7.8. Desorption of molecular nitrogen during warm-up of the irradiated N2
ice.
temperature of NH3 and the co-desorption of the different photoproducts near
110 K.
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Figure 7.9. Photodesorption of NH3 ice monitored by QMS during the various irra-
diation intervals.
Figure 7.10. TPD curves of irradiated NH3 ice and its photoproducts, where A is the
TPD curve of m/z = 17 (NH3), is m/z = 2 (H2), C is m/z = 28 (N2), D is m/z = 32
(N2H4), and E is m/z = 30 (N2H2). The TPD curves were offset for clarity.
7.6 Carbon monoxide (CO)
The photodesorption of CO ice was studied by O¨berg et al. (2007), Mun˜oz
Caro et al. (2010), Fayolle et al. (2011), and Chen et al. (2013). Mun˜oz Caro et
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al. (2010) observed that the thermal desorption of CO ice starts near 15 K due
to codesorption with H2 and crystallizes to α-CO near 23 K, and the decrease
of the CO infrared band absorption is linearly proportional to the irradiation
time, in agreement with the results from O¨berg et al. (2007), but this linear-
ity fails when the CO ice absorbance value is below ∼ 0.03, corresponding to
about 5 ML. This indicates that only the top 5 ML are contributing to the pho-
todesorption of CO. Fayolle et al. (2011) found a good correlation between the
VUV-absorption spectrum of solid CO and the photodesorption rate at differ-
ent photon wavelengths using the SOLEIL synchrotron beam as a monochro-
matic VUV source. Chen et al. (2013) found that the results obtained using the
continuum emission MDHL can differ from the photodesorption experiments
using a monochromatic source to scan the same VUV spectral range.
Our main goal here was to determine the photoproducts rather than to
study the well known photodesorption of CO. The sample was irradiated for
a total time of 230 minutes. The photoproducts generated by UV irradiation
are: CO2 at 2347 cm
−1 forms after 1 minute of irradiation, C3O2 at 2248 cm
−1
after 10 minutes, C3O at 2243 cm
−1 after 1 minute, O3 at 2108 cm
−1 after 60
minutes, CO3 at 2044 cm
−1 and 1918 cm−1 after 120 minutes, C3 at 2036 cm
−1
after 1 minute and disappears after 60 minutes of irradiation, and C2O at 2000
cm−1 after 1 minute and remains almost constant during the irradiation inter-
val. Two photoproducts, not observed by Gerakines et al. (1996), were pro-
duced by CO irradiation in our experiments, O3 and CO3. Gerakines et al.
(1996) only detected these photoproducts irradiating CO2 ice. This difference
may be explained by the poor vacuum conditions they had, P ∼ 10−7 mbar,
which allows the deposition of water contamination on top of their ice sam-
ple. As a result, a fraction of the UV photons was absorbed by the accreted
background H2O and the UV flux arriving to the CO ice layer was reduced.
Secondary products like O3, and CO3 are the most sensitive to a lower UV
dose, that likely explains the non-detection of these products by Gerakines et
al. (1996).
There is another important difference between our experiment and previ-
ous works. The CO band did not decrease as a function of irradiation time in
the Gerakines et al. (1996) experiment, while we observed a clear decrease dur-
ing irradiation. This is also explained by the difference between high vacuum
and ultra-high vacuum conditions. Under high vacuum, the CO ice sample
is gradually covered by a layer of background water accretion that inhibits
the photodesorption of CO. This is clearly not our case. Fig. 7.11 shows the
photodesorption of CO and its photoproducts during the irradiation. The pho-
todesorption ratio between CO and CO2 is CO/CO2 = 267, assuming the same
QMS response for both species, which is not necessarily the case. This issue
was recently studied in great detail by Chen et al. (2013) and was found to
depend strongly on the VUV emission spectrum of the MDHL.
The TPD curves of the detected species, obtained during warm up of the
irradiated CO ice, are shown in Fig. 7.12. There is co-desorption of the prod-
ucts with CO at 31 K. C2 and O2 are among the products, but they cannot be
monitored in the IR because they have no vibrational modes.
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Figure 7.11. Photodesorption of CO, 13CO and CO2 monitored by QMS during the
various irradiation intervals.
Figure 7.12. TPD curves of the different products formed by CO ice irradiation. They
were offset for clarity.
7.7 Carbon dioxide (CO2)
A CO2 ice sample was irradiated for a total time of 240 minutes. After 5 min-
utes of irradiation, the following species were detected: CO3 at 976 cm
−1, 1883
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cm−1 and 2044 cm−1, O3 at 1042 cm
−1, CO at 2141 cm−1, and 13CO at 2093
cm−1. Gerakines et al. (1996) detected a feature at 1053 cm−1 that was not
detected in our experiments. This band could therefore be produced by pho-
tolysis of CO2 in the presence of H2O contamination. The CO3 photoproduct
reaches a maximum after 5 minutes, then its abundance starts to decrease dur-
ing irradiation. This is not the case for CO, which IR band appears after 5 min-
utes of irradiation and increases during irradiation up to 60 minutes, then it
starts to decrease. A fraction of the CO formed is photodesorbing, see Fig. 7.13.
Also a fraction of CO2 photodesorbs, as well as O2. The O2 photodesorption
detected by QMS is 167 % of the total CO2, assuming the same response of the
QMS which is only a yough indication, which means that O2 does not come
from the fractionation of photodesorbed CO2 in the filament of the QMS. The
photodesorption ratio between CO and CO2 is about 27 in this case, again as-
suming the same QMS response for both species.
Figure 7.13. Photo-desoption of CO2 and other products detected by QMS during the
various irradiation intervals.
During warm-up, most of the features became faint after 60 K, when the
crystallization of CO2 ice takes place. Between 85 K and 90 K, solid CO2 sub-
limates. The peak in the sublimation temperature falls at 87 K, but all the pho-
toproducts sublimated at lower temperatures, and the remaining molecules
co-desorbed with CO2, see Fig. 7.14.
7.8 Discussion and astrophysical implications
CH3OH ice probably forms in dense cloud cores; it is absent from the cloud
edges, but it is often abundant toward protostars. Because of its formation
deep into the cloud, CH3OH ice mantles are shielded from the external UV
field during most of their lifetime. We found no observable photodesorption
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Figure 7.14. TPD curves obtained during warm up of irradiated CO2. The curves
were offset for clarity.
of CH3OH, this data was not presented here, which is in disagreement with
O¨berg et al. (2009). Our work using a combination of FTIR and QMS shows
that CH3OH ice does not photodesorb significantly because it was not detected
by the QMS,which ismuchmore sensitive than the IR technique used by O¨berg
et al. (2009) to estimate in an indirect way the photodesorption of CH3OH
ice. Since the photodesorption of CH3OH ice was found to be negligible, a
different non-thermal desorption process is required to explain the amount of
CH3OH detected in the gas phase toward dense interstellar clouds, this can
be desorption due to release of chemical heat following recombination of two
thermalized radicals. Unlike CH3OH, species like H2O, CO and CO2 were
found to photodesorb, proving that UV irradiation is an efficient method to
recreate their gas phase abundances in the ISM, and producing new species.
In the warm dense cores close to star-formation regions, thermal sublima-
tion of icy grain mantles becomes significant. A number of species which
were identified in our experiments have been detected in the gas phase to-
ward dense clouds and hot cores, see Table. ??. The photodesorption of CO
is high compared to that of CO2 in both, the irradiation of pure CO and pure
CO2. This suggests that a higher CO abundance relative to the CO2 abundance
is expected when photodesorption dominates, assuming that the photodesorp-
tion yields of these two molecules are not very different for astrophysical ice
morphologies compared to the pure ices studied here. This is in disagreement
with O¨berg et al. (2009b), where the estimated photodesorption rates are simi-
lar. This is again a consequence of the higher sensitivity of the QMS compared
to IR spectroscopy, allowing a better monitoring of the photodesorption pro-
cesses.
Formaldehyde (H2CO) is a very important molecule for the chemistry of
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ice mantles. It is a precursor of more complex prebiotic species. UV-irradiation
of ice mixtures, in particular if methanol is present, produces H2CO efficiently
and leads to photo-desorption of H2CO on the top monolayer.
The results presented here are preliminary, a quantification of the data will
follow in the near future. The experimental results can aid to interpret astro-
physical observations, in order to have a full picture of the thermal and photo-
chemistry and the desorption mechanisms active in interstellar and circumstel-
lar ice mantles.
7.9 Conclusions
• CH3OH does not photodesorb significantly, a different non-thermal pro-
cess is needed to explain the CH3OHabundances observed in the gas phase
toward cold regions like dense cloud interiors.
• The photodesorption of CO is higher for the irradiation of C and O bearing
ices than the photodesorption of CO2.
• Ozone (O3) is produced during irradiation of CO.
• All the ices were deposited at 8 K as amorphous and became crystalline
before sublimation took place. CO has no changes in its band profile dur-
ing warm-up, but the dependence of the photodesorption rate with the ice
deposition temperature indicates that its structure is different for the dif-
ferent deposition temperatures following the transition from amorphous
to crystalline.
• All the molecules studied here in the solid phase were found to photodes-
orb with the exception of CH3OH.
• We were able to produce HCO and H2CO by CH3OH ice irradiation. In
addition, these species photodesorbed from the ice sample, which suggests
that their detection in the gas phase could be explained by UV photodes-
orption of ice mantles in space.
• A CO2 photodesorption event starts with the photodissociation of a CO2
molecule into CO and O. The fragments either desorb directly or react and
recombine to form CO2, CO3, and O2 before desorption. The three main
photodesorption products are CO, CO2, and O2.
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Chapter 8
Crystallization of CO2 ice and the absence of
amorphous CO2 ice in space
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& B. Mate´
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Abstract
Carbon dioxide (CO2) is one of the most relevant and abundant species in astrophys-
ical and atmospheric media. In particular, CO2 ice is present in several solar system
bodies, as well as in interstellar and circumstellar ice mantles. The amount of CO2 in ice
mantles and the presence of pure CO2 ice are significant indicators of the temperature
history of dust in protostars. It is therefore important to know if CO2 is mixed with other
molecules in the ice matrix or segregated and whether it is present in an amorphous or
crystalline form. We apply a multidisciplinary approach involving IR spectroscopy in the
laboratory, theoretical modeling of solid structures, and comparison with astronomical
observations. We generate an unprecedented highly amorphous CO2 ice and study its
crystallization both by thermal annealing and by slow accumulation of monolayers from
the gas phase under an ultra-high-vacuum. Structural changes are followed by IR spec-
troscopy. We also devise theoretical models to reproduce different CO2 ice structures.
We detect a preferential in-plane orientation of some vibrational modes of crystalline
CO2. We identify the IR features of amorphous CO2 ice, and, in particular, we pro-
vide a theoretical explanation for a band at 2.328 cm1 that dominates the spectrum of
the amorphous phase and disappears when the crystallization is complete. Our results
allow us to rule out the presence of pure and amorphous CO2 ice in space based on
the observations available so far, supporting our current view of the evolution of CO2 ice.
8.1 Introduction
Carbon dioxide (CO2) has come to play a fundamental role in several aspects
of the Earth’s geophysics (Sloan 2003; Park et al. 2006), but it is also a key ele-
ment in astrophysical research (Cruikshank et al. 2010; Zasowski et al. 2010).
In the interior of dense interstellar clouds, as well as in the envelopes around
young stars, dust grains are covered by ice mantles formed by frozen volatile
molecules, with water being the most abundant molecular species, followed by
carbon monoxide (CO), CO2, methanol, methane, and others (Gibb et al. 2004;
Aikawa et al. 2012). The structure of CO2 in the icy phase of the interstellar
grains is still an open question. Is CO2 mixed up with other frozen compo-
nents, or is it segregated in multilayer structures (Hodyss et al. 2008)? Has
it attained a crystalline arrangement, or does it have an amorphous structure
(Bartels et al. 2012)? Because solid CO2 is an indicator of the temperature his-
tory in the envelopes of young stars (Pontoppidan et al. 2008; Kim et al. 2012),
it is important to address these questions. Most of the available information on
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these systems comes from spectroscopic observations. Thus, many laboratory
experiments have been performed on low-temperature CO2, both as a single
species and mixed with other components, using IR spectroscopy as the main
detection tool (Sandford & Allamandola 1990; Dartois et al. 1999; Bernstein et
al. 2005; Broekhuizen et al. 2004; Mate´ et al. 2009). In the context of solid-state
physics, the existence of transverse optical (TO) and longitudinal optical (LO)
modes in amorphous materials was questioned because the origin of this effect
was linked to long-range order in crystals, but it was proved that longitudinal
modes can also propagate in amorphous media (Whalley et al. 1979). We pro-
vide experimental and theoretical evidence of LO/TO splitting in the spectra
of amorphous CO2 ice.
The formation of the CO2 observed in ice mantles is expected to occur
through reactions on and in the ice matrix. These CO2 molecules will des-
orb eventually, and the grains may accrete, forming new ice mantles, provided
that the dust temperatures are low enough. This contribution deals with the
process undergone by amorphous CO2 when transforming to its crystalline
structure. We will show that the energy delivered on the amorphous solid by
heating the substrate that holds it is equivalent to that originating from the ac-
cumulation of successive layers simulating CO2 accretion on dust, as far as the
crystallization process is concerned, although complete crystallization is only
reached after thermal annealing. Our tools are different varieties of IR spec-
troscopy supported by computer models of both amorphous and crystalline
CO2. Our materials are slowly grown ices of CO2 at cryogenic temperatures as
low as 8 K and with an ultra-high-vacuum. At the same time, we propose an-
swers to two specific questions often raised in the astrophysics and ice physics
communities: How can we distinguish between pure and amorphous CO2 ice
from the observed spectra of ice mantles, and what is the expected appearance
of LO modes in the spectra of amorphous CO2 ice?
8.2 Results and Discussion
We first present the results obtained with the new Interstellar Astrochemistry
Chamber (ISAC) at the Center of Astrobiology (CAB) (Mun˜oz Caro et al. 2010),
as described in Chapter 2. Fig. 1 displays transmission IR spectra of two sets
of samples focused on the spectral windows of the antisymmetrical stretch (ν3,
Left) and bending (ν2, Right) motions of CO2. This figure also shows how the
profiles of the corresponding IR bands change with the increasing thickness
of the sample, from the thinnest one [2 monolayers (ML), Fig. 1 (Lower)] to
the thickest one [360 ML, Fig. 1 (Upper)]. Whereas for the 2-ML ice, the band
frequencies may be affected by interaction with the potassium bromide sub-
strate, for a 13-ML sample, the bands agree with the wavenumber positions
commonly reported in the literature for thick ices.
The integrated absorptions of these bands allow us to estimate the column
density of the deposits, and hence their thickness (Yamada & Person 1964; Ger-
akines et al. 1995). The strongest feature, at 2.343 cm−1 (4.27 µm), is assigned
to ν3 of crystalline CO2, but the origin of the satellite band at 2.328 cm
−1 (4.30
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Figure 8.1. Transmission spectra of CO2 ice samples deposited at 8 K for increasing
thickness, expressed as monolayer coverage. (Upper) Thicker samples are shown. Spec-
tral regions of ν3 (Left; stretching mode) and ν2 (Right; bending mode) are also shown.
Dashed lines indicate the position of the main vibrational modes: the fundamental (ν3)
and X modes for the stretching region and the so-called “in-plane” and “out-of-plane”
modes for the bending region, which are more precisely characterized in this work. A
CO2 molecule (red balls, O atoms; purple ball, C atom) is schematically represented at
Top, where the arrows indicate an asymmetric stretching motion (Left) and a bending
motion (Right).
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µm), sometimes referred to as “a low-frequency shoulder” (Sandford & Alla-
mandola 1990) (henceforth, Xmode), is still unclear. In previous investigations,
it was assigned to perturbed CO2 structures formed when mixed with other
components in the ice, such as water (H2O) (Sandford & Allamandola 1990;
Gerakines et al. 1999), which is usually present in astrophysical dust particles
but is seen here in pure CO2 ice. The intensity ratio between the two peaks
is clearly dependent on the thickness of the solid, but with the X mode more
prominent at low thicknesses. In Fig. 1 (Right), spectral alterations with sam-
ple growth consist of an increase in the high-frequency component of the ν2
doublet, ν2b, at 660 cm
−1 (15.15 µm), with respect to the low-frequency part,
ν2a, at 655 cm
−1 (15.3 µm). For the thickest ices, the spectrum resembles the
well-known double-peaked profile that is characteristic of pure and crystalline
CO2 ice. In our experiments, where CO2 is the only species in the ice, these
observations can be rationalized in terms of a crystallization process without
requiring the presence of water or other molecular components that lead to a
single-band profile near 655 cm−1. Indeed, Fig. 1 shows that the depositions of
a few ice monolayers of pure CO2 also display a single band at that position.
Additional experiments and theoretical models described below support this
assumption.
The substrate where the ices are deposited can be warmed up until com-
plete sublimation of the sample occurs at ∼ 85 K. Fig. 2 shows spectral vari-
ations taking place on a 10-K deposit during warm-up at a rate of 1 K min−1.
This slow warming induces crystallization of amorphous structures, which is
practically attained for CO2 at ∼ 30 K because there are no significant spectral
variations above that temperature. The spectra show that the changes under-
gone in the lapse of temperature between 10 K and 30 K resemble those ob-
served along the build-up of the samples described above. Thus, the warm-up
of the sample to ∼ 30 K by heating the substrate stimulates an effect similar
to the accumulation of successive layers at a lower temperature. This process
was studied in great detail by Schulze and Abe (Schulze & Abe 1980). Com-
plete crystallization, however, is only achieved by thermal annealing. With-
out warm-up, even the thickest ice sample deposited, 360 ML, still displays a
shoulder at 2.328 cm−1 and an intensity ratio of the bending modes that is in-
dicative of not fully crystalline ice.
Transmission spectroscopy of thin films with a normal incidence to the sub-
strate, as performed in the experiments described above, is sensitive to vibra-
tions taking place in the plane of the substrate or with vector components
in that plane. Using the experimental set-up available at the Instituto de Es-
tructura de la Materia (IEM), we have recorded reflectionabsorption IR (RAIR)
spectra with a 75◦ incidence angle and radiation polarized in the plane of prop-
agation of the incident radiation (P-polarized RAIR spectra). This technique
complements transmission spectroscopy in that it allows observation of vibra-
tions in a normal direction to the substrate or with vector components along
that direction (Mate´ 2008). Fig. 3 presents P-polarized RAIR spectra of a sam-
ple deposited at 14 K with thickness growing between 6 ML and 36 ML. Black
dashed lines indicate the position of the ν3 and X bands in Fig. 3 (Left) and of
the ν2b, ν2a pair in Fig. 3 (Right), as in Figs. 1 and 2. A red dashed line in Fig. 3
shows the position of the LO modes associated with ν3 and ν2, as measured in
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Figure 8.2. Thermal variation of a 30 ML sample from the deposition temperature at
10 K to complete sublimation at 85 K. Spectra are offset for clarity. The arrow on the
right indicates increasing temperature along the experiment.
a transmission experiment with a 30◦ incidence angle of a crystalline CO2 thin
sample (additional details are provided in Materials and Methods). Thus, the
trend of the spectra in Fig. 3 A and B, where the longitudinal modes sharpen
and approach the LOmaximum, indicates again that the crystallization process
is taking place in the sample during its growth. In addition, it can be seen that
whereas ν3 and ν2a becomemore distinguishable along the series, the X band is
completely missing on these spectra, as is the ν2b component. In consequence,
we can conclude that the corresponding modes, X and ν2b, oscillate essentially
in a plane parallel to the substrate.
To complement these experiments, we havemade computermodels of amor-
phous and crystalline CO2. Pure crystals are straightforward to simulate using
the available geometry from X-ray diffraction (Simon & Peters 1980) measure-
ments. On the contrary, the main difficulty in modeling amorphous CO2 is to
devise a sufficiently amorphous initial structure. Low-temperature crystalline
CO2 has a density of 1.78 g cm
−3, but the amorphous ice is more porous, with
densities that can change within a range of values (Schulze & Abe 1980). Thus,
to realize a low-density amorphous model, we took an ensemble of 32 CO2
molecules initially arranged as a set of eight unit cells of the crystal, enlarged
the volume of the cell to a selected size to reduce the density, and subjected
the sample to increasing temperature to jolt the molecules away from their
crystalline equilibrium structure by means of molecular dynamics (MD) simu-
lations. In this way, we prepared models with densities of 1.0 g cm−3 and 1.3 g
cm−3. The strength of the intermolecular forces in the crystal for CO2 is such
that even for these low densities, we had to increase the temperature of theMD
reactor to unrealistic values (500 K) before an amorphous, or fully disordered,
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Figure 8.3. RAIR spectra of CO2 samples deposited at 14 K with a growing thickness
between 6 and 36 ML. Black dashed lines mark the wavenumber position, in decreas-
ing frequency, of the ν3 and X modes (A) and of the ν2b and ν2a components (B).
Red dashed lines indicate the observed wavenumber for the LO modes in transmission
spectra of pure crystals at a 30◦ incidence (Gerakines et al. 1995).
structure could be reached.
The solids thus designed were treated with the SIESTA method (Soler et al.
2002; Ordejo´n et al. 1996; Gonze & Lee 1997), a well-known and widely used
computational tool specifically designed for solids and repetitive units. The
initial structures can be relaxed until a well-defined minimum is found on the
potential energy surface, for which the vibrational spectrum can be predicted.
The unit cell of CO2 crystals belongs to the Pa3 space group and contains four
molecules arranged at alternate corners of a cubic structure. From the IR-active
vibrational modes of the four molecules, crystal modes are generated with dif-
ferent IR activity (Decius & Hexter 1977): The doubly degenerate ν2 vibrations
split into three independent modes, two of Fu symmetry and one of Eu sym-
metry, and ν3 yields one Fu mode and one Au mode. Of these, only the Fu
vibrations are IR-active in the crystal, and they are usually labeled ν2a, ν2b,
and ν3, respectively. All these vibrations are predicted in our models. Fig.
4 presents a composite of schematic representations of crystalline and amor-
phous structures with the corresponding predicted spectra, which appear with
a red shift from the experimental measurements of ∼ 50 cm−1 and 43 cm−1
for the ν3 and ν2 regions, respectively, that can be attributed to imperfections
in the model. The aim of these theoretical calculations was not to achieve a
perfect match in frequency with the experiment but to develop a joint model
for crystalline and amorphous CO2 that provides explanations for the special
characteristics of their IR spectra.
Several aspects of the calculations deserve special mention. First, the IR-
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Figure 8.4. (Bottom) Theoretical models for crystalline (Left) and amorphous (Right)
CO2 solids; the amorphous solid is obtained from the crystalline solid by MD an-
nealing. (Middle) Calculated spectra of crystalline (black) and amorphous CO2 with
densities of 1.0 g cm−3 and 1.3 g cm−3 (in red and green, respectively). (Top) Pre-
dicted orientation of the ν2a and ν2b components of the bending. The ν2b component is
practically contained in the x-y plane.
inactive Au component of ν3 is calculated with a red shift of 14 cm
−1 from ν3,
that is, coincident with the red shift of the X band from the observed ν3. The
symmetry restrictions that force the Aumode to cancel along the crystal do not
apply to the amorphous structures, where this band is consequently allowed.
Thus, the unexplained origin of the X band seems clear: It is a pure CO2 mode
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that can only be seen in IR spectra when amorphous or disordered structures
are present. Furthermore, the fact that the X band near 2.328 cm−1 was not de-
tected in IR spectra of dense clouds and circumstellar regions, where the other
CO2 ice bands were observed, indicates that, so far, there is no evidence for the
presence of pure and amorphous CO2 ice in these environments.
Second, when the Cartesian components of the ν2a and ν2b modes are an-
alyzed, their predicted orientation sets ν2a in a tilted direction and sets ν2b
within the x-y plane. If we assume that the substrate defines the x-y plane,
ν2a would be oblique to the substrate and ν2b would be in-plane, in agreement
with the observed activity of these modes in normal incidence transmission
and in P-polarized RAIR. Vectors depicting these modes are represented in Fig.
4 (Top).
Fig. 4 also shows how features in the spectra of the amorphous models
evolve toward those of the crystal as the density is increased: The X band, at a
frequency ca. 14 cm−1 lower than that of ν3, becomes weaker and ν3 becomes
stronger in this sequence, and in the ν2 region, the ν2a component gains inten-
sity and ν2b starts to form.
Figure 8.5. Comparison of the 2.343 cm−1 (4.27 µm) band toward Elias 16, probing
a dark cloud environment, with the laboratory measurements shown in Fig. 1. The op-
tical depth of Elias 16 (black trace) is represented in the absorbance scale after dividing
by log(10). The X band at 2.328 cm−1 (4.3 µm), which is seen as a shoulder in the 360
ML ice sample, is not present in the astrophysical observation. Elias 16 spectrum data
adapted from Whittet et al. 1998.
This work has implications for the interpretation of ice mantle observations
in the mid-IR spectral range. The fact that no band around 4.30 µm (2.328
cm−1) was clearly detected in the ice spectra toward dense clouds and proto-
stars confirms that pure CO2 ice is formed at temperatures above 25 K. This
agrees with recent models of ice mantle evolution in protostellar envelopes,
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where pure and crystalline CO2 ice is formed after distillation of CO at∼ 20-30
K, and perhaps also at higher temperatures, leading to CO2 inclusions in the
water and ice matrix (Pontoppidan et al. 2008; Kim et al. 2012). The CO2/H2O
ice mixture displays a single band around 15.3 µm (655 cm−1) that is exten-
sively used as one of the components to fit the bending modes of CO2 ice ob-
served (Pontoppidan et al. 2008; Kim et al. 2012; Gerakines 1999). Fig. 1 shows
that a single band at a similar position is also obtained by depositing a few ice
monolayers (less than ∼ 50 ML) of pure CO2 if the ice temperature does not
exceed ∼ 25 K. However, if we accept that the CO2 observed in the ice mantles
has experienced temperatures above 25 K, as the absence of a 4.30 µm (2.328
cm−1) band indicates and current astrophysical models suggest (Pontoppidan
et al. 2008; Kim et al. 2012), the detection of the 15.3 µm (655 cm−1) component
must require mixing of CO2 with species like H2O in the polar ice phase. On
the other hand, the detection of the two bending modes at 15.15 µm and 15.3
µm in other lines of sight, for ice mantles in which CO2 is mixed with H2O and
other species, implies that segregation temperatures above 25 K were reached,
as proposed by Gerakines et al. (1999).
In summary, our detailed study of pure and solid CO2 supports the current
scenario for the formation of pure CO2 ice by two processes. These processes
consist of CO2 segregation out of a CO2-H2Omixture at high temperature (50-
80 K), on the one hand, and CO evaporation from a CO2-CO mixture, leaving
pure CO2 behind, at a lower temperature (20-30 K), on the other hand (Pon-
toppidan et al. 2008; Kim et al. 2012; Gerakines 1999; Fayolle et al. 2011).
Accordingly, pure CO2 ice present in ice mantles has experienced a tempera-
ture of at least 20-30 K. We show that at around 25 K, the band near 4.30 µm
(2.328 cm−1) tracing pure and highly amorphous CO2 ice disappears. As a
consequence, pure CO2 ice in space cannot be completely amorphous. Further
evidence is provided by the absence of this band in the published spectra of
CO2 ice observed toward dense clouds and protostars. An example is shown
in Fig. 5, where our laboratory spectra are compared with those of Elias 16
(Whittet et al. 1998), a field star probing the ice in a dark cloud.
8.3 Materials and Methods
The adopted band strengths for the ν3 stretching (at 2.343 cm
−1) and ν2 degen-
erate bending (at 660 cm−1 and 665 cm−1) modes of CO2 were A(CO2, ν3) =
7.6×10−17 cmmolecule−1 (Yamada& Person 1964) andA(CO2, ν2) = 1.1×10
−17
cm molecule−1 (Gerakines et al. 1995), respectively. The ice was warmed at a
heating rate of 1 K min−1. Quadrupole MS was used to detect the desorbing
CO2 in the ISAC chamber during ice warm-up (i.e., the partial pressure in-
creases for m/z = 44, corresponding to the ion molecule of CO2). Assuming
that 1×1015 molecules cm−2 is about 1 ML of coverage, the deposition flow is
estimated as 0.014 ML s−1. After deposition of the ice, the cryostat was rotated
90◦ to face the IR radiation at normal incidence. FTIR spectra were recorded
with a spectral resolution of 2 cm−1.
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RAIR at the IEM. Grazing angle RAIR spectra were recorded at the IEM
with an experimental set-up described in more detail elsewhere (Mate´ et al.
2003; Carrasco et al. 2002). Briefly, it consists of a high-vacuum chamber, with
a background pressure in the range of 10−8 mbar, provided with a closed cy-
cle helium cryostat with its cold finger in close contact with a gold plate onto
which the gases are condensed. The vacuum chamber is coupled through a
purged pathway to a Vertex70 Bruker FTIR spectrometer in a 75◦ grazing an-
gle configuration. The RAIR spectra were recorded at a resolution of 2 cm−1
using a liquid nitrogen-cooled mercurium cadmium telluride (MCT) detector
and accumulating 500 scans. Ice layers of CO2 were generated by introducing
a controlled flow of pure CO2 to backfill the chamber to a pressure of about
1×10−7 mbar, which condenses on the cold substrate at 14 K. The substrate can
be warmed up to anneal the samples.
As mentioned above, transmission spectroscopy of thin films with a normal
incidence to the substrate responds to vibrations taking place in the plane of
the substrate, corresponding to the TO branch of solids. When the incident ra-
diation is tilted, spectral features are expected to accompany the TO modes,
corresponding to long-range dipole-dipole interactions through the sample,
which become optically active by coupling with the nonnormal components
of the radiation. They are called LO modes, and they always appear at higher
frequencies than the TO modes. The theory describing the properties of these
surface or longitudinal modes, and the spectral features that can appear be-
tween the LO and TO frequencies, have been extensively described in the liter-
ature (Decius & Hexter 1977; Fox & Hexter 1964; Ovchinnikov & Wight 1993;
Devlin et al. 2009; Signorell 2003; Signorell et al. 2006). The magnitude of the
LO-TO separation is given by
ω2n = ω
2
0 +
4π
ǫV
(
δµ
δQ
)2
Ωα, (8.1)
where ωn indicates the frequency of the longitudinal modes and ω0 = ωTO.
Here, V is the volume of the sample, the parameter Ωα can vary between 0 and
1, the dielectric constant of the crystal is e, and δµ
δQ
represents the derivative
of the transition dipole moment with respect to the Q normal mode. For sin-
gle crystals, V is the unit cell volume, and this expression gives the maximum
value of ωn = ωLO. For pure crystals shaped as thin slabs and with a tilted
incidence angle, the theory predicts only two peaks at exactly the LO and TO
frequencies; broad absorptions appearing between them are ascribed to ran-
domly oriented polycrystallites or to the amorphous structure of the sample
(Decius & Hexter 1977; Fox & Hexter 1964; Ovchinnikov & Wight 1993). For
irregular crystals or amorphous solids, ωn can take values between ωLO and
ωTO, as seen on the RAIR spectra recorded at the IEM (Fig. 3).
The characteristics of longitudinal modes in amorphous crystals become
evident in Fig. 6. Fig. 6 (Upper) shows transmission spectra of a sample de-
posited at 14 K recorded with normal (black trace) and oblique (red) incidence
light. The sample displays some crystalline character due to the layer accu-
mulation even at this low temperature, as evidenced by the splitting of the
ν2 modes. The LO modes appear blue-shifted with respect to the transverse
137 8.3. Materials and Methods
Figure 8.6. (Upper) IR transmission spectra of CO2 deposited at 14 K at a normal
incidence (black) and at a 30◦ incidence (red). Due to the large thickness of the sam-
ple (around 200 ML), these spectra display features characteristic of partially crys-
talline ice. Tilted incidence spectra are offset on the vertical axis for clarity. (Lower)
Calculated CO2 spectra: amorphous without (black) and with (red) LO/TO. A direct
frequency comparison with the experimental spectra should not be attempted due to
imperfections in the theoretical model (main text), which produce red shifts of ∼ 50
cm−1 and 43 cm−1 for the ν3 and ν2 regions, respectively.
modes. Fig. 6 (Lower) presents calculated spectra of a 1.3 g cm−3 amorphous
model, showing the important intensity transfer that takes place when the ap-
propriate electrostatic dipole-dipole interactions are taken into account (Fay-
olle et al. 2011). It can be seen that our calculations predict a LO-TO displace-
ment in good agreement with the observed values for amorphous CO2.
Theoretical Method. The specific method and parameters used for our
SIESTA calculations follow those used in a previous study by our group (Schulze
& Abe 1980). Specifically, we have performed density functional theory calcu-
lations using Perdew-Burke-Ernzerhof exchange-correlation functionals (Perdew
et al. 1996) of the generalized gradient approximation. The basis set for the va-
lence electrons was double-Z polarized (Ferna´ndez-Serra & Artacho 2006). The
force tolerance parameter was set to 0.5 meV A˚−1 for the amorphous systems
and to 0.05 meV A˚−1 for the crystalline species. The stress tolerance was set
0.1 GPa, a fairly large value but reasonable for our fixed-cell calculations. Born
effective charges for the prediction of absorption intensities have been evalu-
ated by numerical derivation of the macroscopic polarization, with a displace-
ment step of 0.02 Bohr, the same value as in the force constants calculation.
The electronic contribution to the polarization was calculated using the Berry
phase formalism (King-Smith & Vanderbilt 1993), by discrete integration over
the points of a grid with dimensions of 5×2×2.
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Initial structures for the amorphous systems were obtained by MD anneal-
ing simulations of a 32-molecule ensemble, with a target temperature of 500 K,
at 1-fs steps, andwith the same parameters for the SIESTAmethod as described
above, where appropriate. At the end of the run, the geometrical configuration
of the system was taken as the starting point for relaxation and prediction of
the spectra. A graphical representation of the crystal and of the 1.0 g cm−3
amorphous structure is shown in Fig. 4, together with the IR predicted spectra.
Densities of 1.0 g cm−3 and 1.3 g cm−3 of the amorphous systems correspond
to original cubic unit cells with side lengths of 6.630 A˚and 6.079 A˚, respectively
(5.624 A˚for the crystal).
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Chapter 9
VUV photolysis of Hydrogenated amorphous
carbons. I. Interstellar H2 and CH4 formation rates
I. Alata, G. A. Cruz-Diaz, G. M. Mun˜oz Caro, & E. Dartois Submitted to A&A
Abstract
The interstellar hydrogenated amorphous carbons (HAC or a-C:H) observed in the
diffuse medium should, according to the destruction time scale from laboratory mea-
surements, disappear in a few million years. The existence of a-C:H results from the
equilibrium between photodesorption, radiolysis, hydrogenation and resilience of the
carbonaceous network. During this processing, many species are therefore injected in
the gas phase, in particular H2, but also small organic molecules, radicals or fragments.
We perform experiments on interstellar a-C:H analogues to quantify the release of these
species in the interstellar medium. The vacuum ultraviolet (VUV) photolysis of interstel-
lar hydrogenated amorphous carbon analogues is performed at low (10 K) and ambient
temperature, coupled to mass spectrometry detection and temperature programmed
desorption. Using deuterium isotopic substitution, the species produced are unambigu-
ously separated from background contributions. The VUV photolysis of hydrogenated
amorphous carbons leads to the efficient production of H2 molecules, but also small
hydrocarbons. These species are formed predominantly in the bulk of the a-C:H ana-
logue carbonaceous network, in addition to the surface. Compared to species made by
the recombination of H atoms and physisorbed on surfaces, they diffuse out at higher
temperatures. In addition to the efficient production rate, it provides a significant for-
mation route in environments where the short residence timescale for H atoms inhibits
H2 formation on the surface, such as PDRs. The photolytic bulk production of H2 with
carbonaceous hydrogenated amorphous carbon dust grains can provide a very large
fraction of the contribution to the H2 molecule formation. A-C:Hs also release small
hydrocarbons (such as CH4 ) in the diffuse interstellar medium, which contribute to the
formation of small carbonaceous radicals after being dissociated by the UV photons
present in the considered environment. It widens the interstellar media environments
where H2 and small hydrocarbons can be produced.
Introduction
Hydrogenated amorphous carbons (HACs), also called a-C:H for amorphous
material made of C and H by physicists, is a major component of interstellar
dust. Allen & Wickramasenghe (1981) observed it for the first time at 3.4 µm
against a Galactic center source. The features contributing to this absorption
band were early associated to sp3 CH3 and CH2 stretching modes, as stated in,
e.g., Duley &Williams (1983). Since then, numerous experiments/observations
have been performed to constrain its origin (e.g., Jones et al. 1983; Butchart
et al. 1986; McFadzean et al. 1989; Ehrenfreund et al. 1991; Sandford et al.
1991; Sandford et al. 1995; Pendleton et al. 1994; Tielens et al. 1996; Geballe
et al. 1998; Munoz Caro et al. 2001; Chiar et al. 2002; Mennella et al. 2002;
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Pendleton & Allamandola 2002; Dartois et al. 2005 ; Godard et al. 2012). The a-
C:H Galactic abundance has been estimated from the observed CH stretching
modes.
Depending on the intrinsic strength for CHmodes and the degree of hydro-
genation of the assumed materials carriers, the implied cosmic carbon fraction
varies from 2.6-35% (Sandford et al. 1991), above 2.5-4% based on the spectra of
alkanes (Pendleton et al. 1994) and up to 20-30% for laboratory analogues of a-
C:H (Duley 1994; Duley et al. 1998). With the increase in sensitivity studies, the
presence of a-C:H absorptions have been observed in several extragalactic ob-
scured active galactic nuclei (AGN) sources, mainly via the stretching modes
(Pendleton et al. 1994; Mason et al. 2004; Dartois et al. 2004; Imanishi 2006;
Risaliti et al. 2006; Imanishi et al. 2008.
Several laboratory analogues have been proposed to account for this car-
bonaceous component and provide a fit to the observed infrared features. These
include analogues produced using a heated carbon rod (Schnaiter et al. 1998),
laser desorbed carbon (Mennella et al. 1999) and subsequent exposure to hy-
drogen plasma, carbon vapor obtained by striking arc discharges between car-
bon rods in a hydrogen atmosphere (Mennella et al. 2003), plasma deposition
(Lee & Wdowiak 1993; Furton et al. 1999; Godard & Dartois 2010) or photo-
produced a-C:H at low temperature (Dartois et al. 2005).
These analogues possess commonalities that allows to define them as a fam-
ily of carbonaceous materials. Besides the fact they display common infrared
active bands, the H/C ratio of the above mentioned analogues vary by more
than an order of magnitude, and also possess intrinsic structural differences
that are sometimes much less evident as they imply less IR active modes of the
carbonaceous backbone.
H2, the most abundant interstellar molecule, is involved in many of the
dominant processes governing the interstellar medium. However, due to the
lack of permanent dipole, coupled to a large rotational spacing (equivalent to
about 1000 K in T), it is often difficult to observe. Astronomical observations
of H2 toward relatively energetic media such as Photon Dominated Regions
(PDRs), shocks, Proto-Planetary Nebulae (PPNe) or the inner parts, close to
stars of Young Stellar Objects (YSOs), suggests that formation of H2 on PAHs
or small grains is important in PDRs (e.g. Table 1 of Habart et al. 2005). In par-
allel, many hydrocarbons species are detected in PDRs, coincident with intense
emission in the H2 ro-vibrational lines (Pety et al. 2005), following energetic
UV excitation. In addition, pure gas-phase chemistry models are unsuccesfull
in reproducing the measured abundances in the ISM small hydrocarbons. In-
formation on potential sources of these species are thus required to explain the
observations. In particular, PAHs are among the targeted precursors to explain
the occurrence of small hydrocarbons in PDRs (Pety et al. 2005). Small carbona-
ceous particles, such as aC:H, may also play a role in the observed sequence of
radicals and neutral species.
In this article we investigate, with experiments combining infrared and
mass spectrometry, the role of energetic UV photons of astrophysical interest
interacting with a plasma produced hydrogenated amorphous carbon, an ana-
logue to the a-C:H diffuse medium interstellar dust. We also investigate its
deuterated form to disambiguate involved species in mass spectrometry anal-
yses. The photolysis of this a-C:H (a-C:D) analogue releases H2 (D2) as the
major product but also some small carbonaceous species that will replenish
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the gas phase in the diffuse interstellar medium and more energetic environ-
ments such as photon dominated regions. In this article we focus on the H2 and
CH4 production efficiency. We describe in Sec. 1 the experimental setup and
measurements performed. The results are given in Sec. 2 and the astrophysical
implications discussed in relation to other analogues in Sec. 3, followed by the
conclusion.
9.1 Experiments
9.1.1 Experimental setup
The ”SICAL-X” experimental setup used to study the vacuumultra violet (VUV)
irradiation of deuterated and hydrogenated amorphous carbon (a-C:H, a- C:D)
is shown in Figure 9.1. It is mainly composed of a vacuum chamber, with a
typical working pressure of ≤ 2 × 10−8 mbar, obtained with a Pfeiffer 2000l/s
hybrid turbomolecular pump. Two ports equipped with CsI windows are con-
nected to the chamber, allowing the entry of the IR probe beam. A VUV win-
dow (MgF2) interfaces the ultraviolet H2 discharge lamp. The hydrogenated
amorphous carbons, produced in a different setup (SICAL-P) aside the main
experiment, is introduced as a thin film deposited on a ZnSe substrate, trans-
parent in the mid-IR wavelength range. The substrate is cooled by a closed-
cycle helium refrigerator (SRDK series CRYOCOOLER F-50 series Compressor
Unit). The temperature of the substrate is adjustable by a resistive type heater
element and monitored with a thermocouple with an accuracy of ± 0.1 K. The
temperature accessed is about 10 K. The evolution of the film during irradiation
is monitored with a Bruker Vertex 80v infrared Fourier transform spectrometer,
at a resolution of 1 cm−1, in a spectral range covering between 7500 and 400
cm−1. During the irradiation many species are liberated from the film surface.
We use a QMS quadrupole mass spectrometer (Quadera QMS 200) to follow
the evolution of those masses.
9.1.2 Hydrogenated amorphous carbon production
The hydrogenated and deuterated amorphous carbon films are prepared by a
plasma enhanced chemical vapour deposition method (PECVD), where rad-
icals and ions resulting from a low pressure radio-frequency (RF) plasma (at
2.45 GHZ), of CH4 or CD4 gases, are deposited on a substrate (ZnSe, MgF2)
under vacuum. This method has been described in previous works (Godard
& Dartois 2010, Godard et al. 2011). The typical deposition time required to
produce a several micrometers thick film lasts a few minutes. Once the film is
produced, the chamber is filled with nitrogen at a pressure slightly higher than
the atmosphere and immediately transferred to the high vacuum chamber.
9.1.3 VUV Irradiation
VUV photons are generated by a hydrogen flow discharge lamp, using an
Evenson cavity coupled to a 2.45 GHz RF microwave generator. The hydro-
gen pressure in the lamp has been set to 0.75 mbar, a pressure maximising the
total number of photons whose energy lies between 6.8 and 10.5 eV (between
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Figure 9.1. Schematic view of the SICAL experiment for VUV irradiation, mainly
composed of vacuum chamber containing several windows for FTIR measurement of
the solid sample and VUV irradiation beam and quadrupole mass spectrometer (QMS)
for detection of volatile species in the gas.
120 and 180 nm). The VUV and visible photons enter to the vacuum cham-
ber through a MgF2 window with a cutoff at about 115 nm. The 110 to 200
nm emission spectra of the VUV lamp used in a similar setup and recorded
by Cruz-Diaz et al.(2013) at 0.6 and 1 mbar are presented in Fig. 9.2, as well as
the expected interpolated spectrum with our working H2 lamp pressure (0.75).
Using the normalised spectrum and performing an integration over the energy
range, the average energy per emitted photon is < Ephoton >≈ 8.6 eV/photon.
In the chamber, a 20 mm diameter metallic diaphragm is placed 5 cm away
in front of the MgF2 window, stopping those photons that would otherwise
irradiate other parts of the substrate holder or the chamber.
The VUV flux asthe number of photons per second per unit area obtained
using an actinometrymeasurementmethod. We use a polyethylene film, with a
thickness of 15 µm (Goodfellows), and replacing the hydrogenated amorphous
carbon films on top of the substrate. This hydrocarbon polymer is chosen as
it is well studied under irradiation with similar VUV sources (e.g. Truica-
Marasescu & Wertheimer 2005, and references therein). VUV irradiation gives
rise to a new absorption band at 965 cm−1 attributed to the formation of double
bonds from a trans- vinylene group (−HC=CH−). The evolution of this band
(Fig.9.3b), well calibrated, gives access to the time dependent dose at the same
exact position where our interstellar analogues are subsequently processed. By
scaling the time dependent formation of trans-vinilene absorption to the cali-
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Figure 9.2. Emission spectrum of the H2 discharge VUV lamp between 110 and 200
nm at different pressures, through one MgF2 window, who has an cutoff at 115 nm.
The spectra were recorded by Cruz-Diaz et al.(2013) under a hydrogen pressure of 0.6
mbar (dashed line) and 1.0 mbar (continuous line). The expected spectrum of our lamp
for 0.75 mbar is the interpolation of these tow curves.
brated measurement (Fig.9.3a), we deduce a photon flux of Φ = 2.7 ± ×1014
photon/(cm2.s) in our experiment at the substrate position. This measurement
is intercalated regularly to monitor the potential degradation of theMgF2 lamp
interface.
9.1.4 QMS, Mass measurement
The QMS is located at ∼ 10 cm from the film and aligned to make a 45o an-
gle with the film surface. A stable current of energetic electrons ( 70 eV) is
produced by a heated filament. These electrons ionize molecules and atoms
that reside in their trajectory and polarised plates accelerate the ions through a
quadrupole mass filter. The ions having a certain mass-to-charge ratio propa-
gate until reaching a deviation zone and are detected by a secondary emission
multiplier detector (SEM). In this particular configuration, VUV photons even-
tually reflected from the film holder, behaving as a source of noise, can not
reach the detector. In order to monitor properly the background signal when
the UV lamp is on (i.e. the true zero of the signal, including eventual contribu-
tions by photons absorbed/reflected outside the path to the sample analysed),
we placed a shutter in front of the film to allow periodic on-off measurements
by stopping the incident photons on the film. This background is subtracted
to the signal coming from the film. Two hundred masses could be monitored
simultaneously, with a mass resolution of m
△m
≈ 50. In the absence of external
calibration, the relative quantity of the corresponding species can, to first order,
be related to the signal by taking into account the difference in ionization cross
sections for different species (at 70 eV a factor of 3.5 is expected between CH4
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Figure 9.3. a) Integrated absorption of the double bond in trans-vinylene group (-
HC=CH-) at 965 cm−1 as a function of irradiation time, for two experiments of ir-
radiated polyethylene films placed in the substrate holder. b) corresponding spectra
showing the band increasing with fluence over the irradiation time. These measure-
ment ensures an regular actinometric calibration of the lamp flux (see text for details).
and H2 (e.g. ionisation cross sections given at the NIST: www.nist.gov).
9.1.5 Temperature programmed desorption (TPD) for a-C:D
and a-C:H films
We start by cooling the shield down to 40 K, while the temperature of the win-
dow is maintained at 200 K before the irradiation, minimising the condensa-
tion of residual gas on the film. After that, the substrate window temperature
is rapidly cooled down until it reach about 10.2 K and the film irradiation is
started. In the two cases of a-C:H and a-C:D analogues, after a period of ir-
radiation T, a TPD (temperature programmed desorption) is performed withe
a heating ramp of 5 K/min. During the TPD, the VUV irradiation is kept on
to avoid changing the experimental conditions. During the very first experi-
ments, the ramps where stopped at 200 K, and up to 280 K in the following
ones. Simultaneously, QMS measurements are carried out to follow the evolu-
tion of the species released from the film after irradiation.
9.2 Results
We present hereafter the results obtained after the irradiation of several deuter-
ated and hydrogenated amorphous carbon films prepared under the same con-
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Figure 9.4. a) Transmittance spectra of a-C:H films deposited on a ZnSe window at
10 K. b) Transmittance spectra of a-C:D. c) Fits performed on the asymmetric CH3 and
CH2 stretching modes. d) Fits performed on the asymmetric CD3 and CD2 stretching
modes.
ditions, and with variable thicknesses. They were irradiated at 10 K, to simu-
late the conditions of an astrophysical dense cloud but also at higher temper-
atures (150 K, 290 K) to allow the immediate diffusion out of the film for pro-
duced species that remain otherwise trapped at low temperatures within the
experimental time scale.
9.2.1 IR measurement
Main features
The absorption spectra in the infrared region between 4000 and 1000 cm−1 of
the prepared a-C:H and a-C:D films are presented in Fig.9.4. In a-C:H films
we distinguish the bending modes of C-H bonds between 1500 and 1300 cm−1
and stretching modes between 3100 and 2800 cm−1. There are four stretching
modes; the asymmetric stretching modes in methyl group CH3 and methylene
group CH2 at about 2955 cm
−1 and 2925 cm−1, respectively, and two symmet-
ric modes for CH3 and CH2 groups at 2873 cm
−1 and 2857 cm−1 respectively
(these two modes are blended) Dartois et al. (2005).
On deuterium substitution the similar stretching modes are active but they
are shifted to lower frequencies, between 2015 and 2285 cm−1 and the relative
intensity between the modes is also changed. The asymmetric features from
CD3 and CD2 are located at about 2220, 2200 cm
−1 while the symmetric modes
are located at 2073 cm−1 and 2100 cm−1 (e.g. Tyrode & Hedberg 2011).
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The film thicknesses (Table 9.1) are estimated from the interference pattern.
The interfringe ∆σ is measured and the sample thicknesses d are calculated
using the formula
d =
1
2n∆σ cos(αIR)
(9.1)
with n the refractive index of the sample, and αIR the angle of the IR beam
incidence with the sample normal (αIR = 45
◦). Godard et al. (2010) have been
measured the refractive index for several a-C:H samples. They have found that
n varies between 1.25 and 1.85. Our films have an estimated refractive index of
1.7 ± 0.2.
Table 9.1. Characterisation of different irradiated a-C:H, a-C:D and Polyethylene (PE)
films.
Film Thickness Temperature
[µm] [K]
Polyethylene 15 290
a-C:H 1.4 10.2
a-C:H 4.2 10.2
a-C:H 2.6 10.2
a-C:D 3.4 10.2
a-C:D 3.1 10.2
a-C:D 2.3 10.2
(a-C:H), (a-C:D) irradiation
The total irradiation time for both a-C:H and a-C:D films is typically 5 hours
for short duration and 18 hours for long irradiation time. The different irradia-
tions by VUV photons at 10.2 K show the destruction of C-H and C-D bounds.
To follow the evolution of the intensity of stretching modes, and estimate the
number of destroyed C-H bonds during the irradiation, an IR spectrum was
recorded each 20 minutes with 15 minutes of coadded scans. The evolution of
the optical depths integrated over the aliphatic C-H stretch band between 2760
and 3140 cm−1, as a function of the irradiation dose for different experiments,
are represented in Fig. 9.6 (right axis).
The corresponding number of destroyed C-H bonds, NC−H, is given by:
NC−H = 3×NCH3 + 2×NCH2
= 3×
∫
(as)CH3
∆τdτ
AasCH3
+ 2×
∫
(as)CH2
∆τdτ
AasCH2
(9.2)
where ∆τ is the variation in the optical depth after irradiation and AasCH3 ,
AasCH2 are the integrated absorption coefficient of the antisymmetric stretching
modes ofCH3 andCH2 groups, with values equal to 1.25×10
−17 and 8.4×10−18
cm/group, respectively (Dartois et al. 2004).
In order to evaluate the corresponding C-D bonds destruction, we evalu-
ate, to first order, the corresponding band strengths for deuterated amorphous
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Figure 9.5. Optical depth corresponding to different time of irradiation for: (a) a-C:H
film in the 3100 -2700 cm−1 range . (b) a-C:D film in the 2300-2000 cm−1range. Each
curve corresponds to an additional irradiation time of 20 min. Symbol * denotes CO
contamination at 3133 cm−1.
carbons by comparing the relative integrated absorptions in a-C:H and a-C:D
films, normalised to the same film thickness. The fit was made only for the
more intense asymmetric stretching modes, which are better separated than
the symmetric ones for a-C:H. The asymmetric stretching features of a- C:H are
fitted by 3 Gaussian profiles corresponding to the CH3, CH2, and CH2 Fermi
resonance contributions, then grouped into two profiles related to their CH3
or CH2 character, as in Dartois et al. (2004). We proceed in the same way for
a-C:D films with the assigned band positions for the CD3 and CD2 asymmetric
stretching modes, plus the contributions of CD2 Fermi resonances (e.g. Tyrode
& Hedberg 2011), band position assigned also by Raman spectroscopy. We
show in the insert of Fig.9.4 the corresponding profiles. The a-C:D asymmetric
stretching band strengths calculated in this work lead to A(a-CD3) = 9× 10
−18
cm/group and A(a-CD2) = 4.8 − 5.5 × 10
−18 cm/group. In a way similar to
NC−H, the number of destroyed C-D bonds C−D was estimated.
Figure 9.6 (left axis) shows the total number of destroyed C-H and C-D
bounds as function of photons number. We can deduce that a C-H bond is
lost for about 70 photons (almost equal for C-D bond lost). it show that this
analogue is particularly resistant to VUV irradiation. Part of this resistance
with respect to other analogues is, in addition to the resilience of this material,
related to its photoluminescence properties, Godard et al.(2010).
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Figure 9.6. The number of destroyed C-H bonds NC−H. and C-D bonds NC−D. as a
function on the photons dose.
9.2.2 Mass measurement
In the following, it will be shown that most of the C-H bonds destruction leads
to the production of H2 molecules, but also to small carbonaceous molecules.
With our experimental conditions, P. 2×10−8 mbar, the quantity of measured
H2 is dominated by the residual H2 remaining in the chamber after pumping.
For this reason we also analysed deuterated amorphous carbon films as the
signal of D2 is not overlapping with any other background signal. Photochem-
ical properties of a-C:H and a-C:D are expected to behave similarly. Deutera-
tion does not change significantly the electronic orbitals and electronic bonds
in the material. During VUV photons irradiation, optically allowed electronic
singlet−singlet transitions are predominant at wavelengths of about 140 nm
and above, Skurat .(2003). Chemical transformations are mainly caused by re-
actions of these excited singlet states, which are very similar in both a-C:H and
a-C:D materials. As it was previously shown by IR spectroscopy (Fig.9.6), the
number of destroyed C-H and C-D bounds for the same irradiation dose are
similar in both materials, within measurements uncertainties. Photoionization
becomes competitive at higher energies and the results are expected to be closer
to radiolysis.
D2 production
The mass spectrum of D2 (m/z=4u), released from an irradiated a-C:D film
during the TPD at a ramp rate of 5 K/min, is shown in Figure-9.7, panel a. The
mass m=5u is presented as an adjacent background noise channel. In panel b,
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Figure 9.7. a) TPD spectra of D2 released from a-C:D film and the mass m=5 amu
as background mass channel .b) the same thing for a-C:H film, where the mass m=4 is
quite neglected and overlapped withe background signal .
we present the TPD spectra of the same masses for an a-C:H film irradiated
under the same conditions. During the irradiation and before the TPD a small
signal was observed from D2 released from the film at 10.2 K, which corre-
spond to the deuterium molecules formed just nearby the surface and which
have enough energy to escape. D2 sublimation starts at a temperature of ≈ 17
K, and reaches a maximum at about 90 K, well above the expected tempera-
ture of a surface D2 ice layer TPD behavior (e.g. Fillion et al. 2009). These
D2 molecules were produced within the film during the VUV irradiation and
diffuse from the bulk. In the case of a-C:H, which served as a blank reference
experiment, no signal is observed for these two masses.
CD4 production
The mass spectrum of CD4 (m/z=20u) released from an irradiated a-C:D film
during the TPD at a ramp rate of 5K/min, is displayed in Fig.9.8, panel a. The
mass m=21u is presented as the background mass channel, as well as the mass
m=18u (divided by 500) to check for possible contribution by water isotopo-
logues. As for D2, a blank reference experiment with a-C:H was performed,
monitoring the same channels, and is shown in panel b.
Two peaks are observed In the TPD of a-C:D film at m=20u, a first peak
located at about 153 K and a second one at 200 K. In the a-C:H film case, only
the first peak around 150 K is observed, slightly shifted compared to the corre-
sponding a-C:D film one, and the second peak at 200 K is absent.
Under our high vacuum conditions, after several hours of irradiation, the
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Figure 9.8. a) TPD spectra of CD4 released from a-C:D film and the mass m=21u
as background mass channel .b) TPD spectra of a-C:H film, the two masses m=20,
(m=18)/500 and the mass m=21u as background mass channel.
peak at m=18u arising around 150 K during the a-C:H TPD is due to the resid-
ual gas phase water frozen on cold surfaces during the experiment. We clearly
see a coincidence of the temporal evolution of this peak and the first peak ap-
pearing in the m=20u of a-C:D TPD spectrum. Based on the a-C:H experiment,
where the relative intensities of the peaks ((m = 18u)/(m = 20u) ≈ 500) cor-
responds approximately to the natural O18 to O16 isotope ratio, we attribute it
to a contribution by H182 O. The second large peak appearing only in the a-C:D
TPD spectrum at mass m=20u, with a maximum around 200 K, is attributed
to the CD4 produced by VUV photons within the film and diffusing from the
bulk.
Masses distribution
To estimate the percentual abundance of eachmolecule, first we normalize each
curve by the cross section of ionization for each molecule, then we integrate
each TPD curve signal. Systematics in the uncertainties are evaluated by first
looking at the respective contributions of the D2 and CD4 integrated curves,
normalisedto their sum, and thenmeasuring the respective contributions of the
D2 and CD4 integrated curve normalised to the sum of all integrated curves up
to mass 60. These two normalisations give us a min (including other masses)
and a max (including only the wanted signals) percentual abundance. We de-
rive that D2 represents 92 ±6% of all the species released from the film, while
CD4 represents about 3±2% The remaining signal is composed of other, mostly
heavier, species under identification. It means that about 92% of the deuterium
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released by the destruction of C-D bounds is consumed by the formation of D2.
We can deduce the total number of deuterated molecular hydrogen ND2 from
the number of destroyed C-D bounds NCD:
ND2 =
1
2
× 0.94×NC−D (9.3)
In the case of a-C:H we could also estimate the quantity of H2 produced from
the film in the same way.
9.2.3 H2 quantum yield
We define the differential quantum yield φ(H2) of molecular hydrogen pro-
duction as the ratio of the number of produced molecules NH2 formed from
the sample per second per cm2 to the number of photons Φ absorbed by the
sample per second per cm2.
γH2 =
NH2
Φ
(9.4)
while the integral quantum yield, the ratio of the total number of product
molecules formed from the sample over the full irradiation time corresponding
to γintH2 =
∫
γH2(t)dt.
Figure. 9.9 presents the variation of differential quantum yields γH2 as a
function of time. It decreases during irradiation. This decrease is explained
not only by consumption (depletion) of CH3 and CH2 groups, but also by ac-
cumulation of conjugated photolysis products, which are able to ’protect’ the
deeper layers by a mechanism of electronic energy transfer (e.g. Skurat 2003).
In the case of thin films the photon flux is quite constant during propaga-
tion inside the film, we can accept in this case that the quantum yield is con-
stant and close to the value when irradiation of the film is started, where H2
is produced mainly by the layers close to the surface ; γH2 ≃ 0.025. Absorbed
photons do not all contribute to C-H bonds destruction. Part of the absorbed
energy is dissipated by mechanisms like relaxation to electronic ground state,
photoluminescence (Godard et al. 2010)1, vibrational relaxation or conical in-
tersection of electronic states.
9.3 Astrophysical implications
Carbonaceous dust in the diffuse interstellar medium is observed in emission
via the PAHs infrared emission bands and in absorption by a set of CH bonds
features at 3.4 µm for the stretchings and 6.85 and 7.25 µm for the bendings, as-
sociated with hydrogenated amorphous carbons (HACs). According to current
models, PAHs require about 4-5 % of the cosmic carbon abundance (e.g. Draine
& Li (2007)) to exhibit the emission observed, whereas the a-C:H (HACs) con-
tain 5 to 30 % of the cosmic carbon.
In our analysis of a-C:H submitted to VUV photolysis, we evaluated the ef-
fect of the decrease of themean intensity of the photons in the film as a function
1High values for the photoluminescence quantum yields ηPL have been measured in the near
UV and visible region for a-C:H films (ηPL =7 % at 250 nm).
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Figure 9.9. The quantum yields of H2 production from a-C:H film, as a function of
irradiation time.
of depth (e.g. Cottin et al. 2003, §3 and Fig.4) using our films VUV absorption
and the lamp spectral flux profile (Fig.9.2), correcting for non linearities, and
using different film thicknesses. The destruction cross section is evaluated to
be of the order of σdes = 3 ± ×10
−19 cm2. This value is roughly 25 times
larger than the one obtained for a-C:H irradiation with lower energy photons (
≈ σdes = 1.2×10
−20 cm2) estimated byMennella (2001) from the Ida et al.(1984)
experiments.
It can be comparedwith the VUV irradiation of various hydrocarbon species
Munoz Caro et al.(2001) and hydrogenated carbon grains produced by con-
densation of carbon vapour obtained by striking an arc discharge between
two carbon rods in a hydrogen atmosphere Menella et al.(1999, 2001). For the
later, the authors estimated from the IR a UV photodestruction cross section of
σdes = 5 × 10
−19 cm2 per photon, assuming a simple two layer hydrocarbon
model, decoupling an unprocessed zone, at large depth, from a UV irradiated
one, closer to the surface. We thus find similar destruction cross-sections for
the aliphatic C-H boundsin interstellar analogues made under different condi-
tions. These high cross sections entail a short lifetime for carbonaceous dust
grains, that should not survive the diffuse medium UV field.
In this work, we show for the first time using mass spectrometric detection
method that the major product of a-C:H photolysis is the molecular hydrogen,
the cross section of H2 production is σH2prod = 1.4× 10
−19 cm2/photon. Men-
nella (1999) have found that the C-Hmode is reactivated by exposure to a beam
of H atoms, with an activation energy of about 70 K Mennella. (2006). They
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showed by a simple modeling based on these experiments that in the diffuse
medium the observed a-C:H should be hydrogenated constantly, otherwise, as
stated above, the photolysis time-scale of HACs would rapidly dehydrogenate
them.
Early studies (Gould & Salpeter 1963, Hollenbach & Salpeter 1971, Jura
1975) provided the first estimates of H2 formation rates in the diffuse interstel-
lar medium, concluding that grain surface chemistry is an unavoidable route
for efficient hydrogen formation. It is to note that these early hydrogen for-
mation rate numbers are within small factors still the ones used today. Owing
to the H atom high cosmic abundance, there are probably several competing
mechanisms responsible for its formation, taking changing importance, in the
various interstellar environments.
Several laboratories have worked on H atom irradiation/adsorption on di-
verse surfaces such as graphite and other carbonaceous material, silicates and
ice mantles (mainly water ice), followed by chemistry leading to H2 produc-
tion (e.g.Gavilan et al. 2012, Vidali et al. 2009, Mennella 2008, Amiaud et al.
2007, Perets 2007, Creighan et al. 2006 and upward citations). Many of these
studies focused principally on physisorbed atoms and are in general poorly
efficient in producing large H2 abundances at temperatures above about 30 K.
The observation of H2 formation in relatively high gas kinetic temperature as-
tronomical environment has led to propose a mechanism necessarily involving
chemisorbed H atoms (Habart et al. 2005, Cazaux et al. 2011) to overcome
the barrier of higher temperatures formation, in particular in PDR environ-
ments. The rather constant hydrogen formation rate (Rf ) deduced in astro-
nomical sources lines of sight with degrees of excitation varying over a large
range is a sever constraint for thermally activated processes.
Alternative studies have searched for the influence of cosmic rays on Pir-
ronello et al. 1997 the H2 formation in denser regions, showing that in shielded
regions this is a valid competing way for producing H2. Godard et al. (2011)
have also followed the destruction cross section by cosmic rays. These pro-
cesses also produce H2, but are less efficient than the UV in the diffuse medium
and the PDR interfaces.
Many of the above cited studies have been performed ignoring the ener-
getic impact of ultraviolet photons, or considering their energy input almost
only for the destruction rate (photodissociation) of H2 in the gas phase, to bal-
ance the formation rate equation and deduce it from the observations.
Comparison with the surface formation rate coefficient
The observation of the so-called 3.4 µm band in the diffuse interstellar medium
also results from the balance between destruction, with H2 as a byproduct, and
hydrogenation. The mean penetration depth for the VUV photons produced
by an hydrogen discharge lamp (120-160nm) is of the order of 80 nm, thus
clearly affecting the bulk of the grains. It allows the formation of H2 mediated
via the bulk of the grains as opposed to pure surface schemes.
From ourmeasurements, a photolytic destruction rate of CH bonds in grains
can be evaluated:
RFUVdes [cm
−3s−1] =
∫
FUV
σdesCH(λ)
n(CH)
ntot
ntotφ(λ)dλ (9.5)
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where σdesCH in cm
2 photon−1A˚−1CH−1, φ(λ) in photon cm−2s−1A˚−1.
As most of the VUV photons penetration length is lower or equal to the
grain size, this can be approximated by (see also Mennella et al. 2002):
RFUVdes ≈ σ
des
CH(FUV )
n(CH)
ntot
ntot φ(FUV ) (9.6)
where σCHdes(FUV) and φ(FUV) are the integrated destruction cross section
cm2photon−1CH−1 and UV flux photon cm−2s−1.
The corresponding photolytic H2 formation rate reads:
RFUVf [cm
−3.s−1] ≈ γH2 σ
des
CH(FUV)
n(CH)
ntot
ntot χ φ
ISRF(FUV) e−τd (9.7)
where γH2 is the H2 production efficiency factor per photolysed CH bond,
φISRF(FUV) is the standard interstellar radiation field FUVflux photon.cm−2.s−1,
χ a scaling factor (Draine 1978), [n(CH)][ntot] = f
C
aCH ×
[C]
[H] , f
C
aCH the fraction of inter-
stellar carbon abundance locked into a-C:H, and ntot = n(H)+2nH2 is the total
number density of hydrogen atoms, e−τd is the dust extinction.
The seminal equation for the H2 formation rate derive from a consensus that
the molecule forms from the recombination on the surface of dust grains from
incoming H atoms. Therefore it is by definition proportional to the atomic H
number density and the total number density, with an assumed gas to grain
ratio. The formation rate is the product of a rate coefficient to these numbers
densities. In order to perform comparisons with the rate coefficient Rc issued
from the recombination on the surface of dust grains, RFUVf can be rewritten to
match the surface recombination rate equation formulation:
RFUVf [cm
−3.s−1] = Rc[cm
3.s−1] n(H) ntot (9.8)
then
Rc = γH2 σ
des
CH(FUV ) f
C
aCH ×
[C]
[H]
χ φISRF (FUV )e−τd/n(H) (9.9)
γH2 =
1
2
× 0.92
σdesCH(FUV ) = 3× 10
−19
[C]
[H]
= 3.55× 10−4
The standard FUV (6 < hν < 13.6 eV) interstellar radiation field from Draine
(1978) corresponds to φISRF(FUV) = 1.94×108 photon cm−2 s−1 (2.68×10−3erg s−1 cm−2,
i.e. about 1.7 × G0, the standard ISRF from Habing (1968)
Rc[cm
3.s−1] ≈ 9.5× 10−15fCaCH χ e
−τd/n(H) (9.10)
If only 10 % of the carbon abundance is locked into hydrogenated amorphous
carbons, fCaCH = 0.1, and
Rc[cm
3.s−1] ≈ 9.71× 10−16 χ e−τd/n(H) (9.11)
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This ratemust be compared to the adopted rate coefficient ofRc ≈ 3×10
−17cm3.s−1
from observations in the diffuse medium with χ/n(H) ≈ 1/30, and to photon-
dominated regions2, where Rc can rise to ≈ 1.5× 10
−16cm3.s−1 (e.g. Habart et
al. 2004). The χ/n(H) in these regions reaches values of up to 0.25 (e.g. Orion
Bar).
The photolytic bulk production of H2 with carbonaceous hydrogenated amorphous car-
bon dust grains is thus able to sustain a very large fraction of the contribution to the
H2 formation, and probably all the necessary rate formation in some PDRs.
Implications for molecular abundances
The equations have been rewritten above to compare the derived FUV forma-
tion rate to previous works. There is a significant difference between models
assuming a surface reaction scheme (either physisorbed or chemisorbed) with
FUV photolysis one. In the seminal equation equilibrating the formation and
destruction rates, when H2 is produced by UV photolysis in the bulk of the
grains, the dust grain UV flux attenuation appears on both side of the equation,
and thus, the dust extinction affects equally the formation and destruction rate:
RFUVf [cm
−3.s−1] ≈ γH2 σ
des
CH(FUV )
n(CH)
ntot
ntot χ φ
ISRF (FUV ) e−τd
= RdH2(0)χ e
−τd fs(N(H2))nH2 (9.12)
where RdH2(0) is the unshielded photodissociation rate per H2 for χ = 1 ≈
5 × 10−11s−1 see, e.g. equation (1) in Habart et al.(2004)) and fs(N(H2)) the
H2 self-shielding factor at a given N(H2)[cm
2] column density from the FUV
illuminating source. The molecular H2 abundance is therefore given by:
nH2
ntot
=
γH2 σ
des
CH(FUV )
n(CH)
ntot
φISRF (FUV )
RdH2(0) fs(N(H2))
(9.13)
with the above numbers, this implies for the very diffuse unshielded ISM that
the minimum molecular fraction is:(
nH2
ntot
)
ISM
& 10−5 fCaCH (9.14)
with fCaCH the fraction of interstellar carbon abundance locked into a-C:H It
can be compared to the observations for atomic diffuse clouds, such as high-
latitude lines of sights (e.g. Wakker 2006; Richter et al. 2003).
The FUV photolysis of bulk carbonaceous dust grains is not only able to
provide the ISM with H2 molecules, but, as shown in our experiments, also
delivers small hydrocarbons such as methane to the gas phase. This is accom-
panied by a network cross-linking and structural modification (e.g. Gadallah
et al. 2011). This gas-phase released CH4 will be efficiently photodissociated
(photodissociation rate ≈ 1.2× 10−9s−1, van Dishoeck et al. 2006). The consec-
utive small hydrocarbons produced from this methane release will contribute
2dividing by two RFUVc (H2)[cm
3.s−1] ≈ 4.86× 10−16 χ/n(H), to take into account that only
half space receive the photon flux for a semi-infinite cloud and an isotropic impinging radiation
field, as explained in Le petit et al.(2006)
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to the abundance observed in the diffuse interstellar medium (e.g. Liszt et al.
2012), a consequence of the erosion of a-C:H grains under the effect of the FUV
photolysis.
The steady state molecular CH4 abundance can be estimated, as for H2,
from:
nCH4
ntot
=
γCH4 σ
des
CH(FUV )
n(CH)
ntot
φISRF (FUV )
RdCH4(0) fs(N(CH4))
(9.15)
where RdCH4(0) is the unshielded photodissociation rate per CH4 for χ = 1.
This implies for the very diffuse unshielded ISM that the minimum molecular
fraction reaches:
γCH4 =
1
4
× 0.03 = 0.0075(
nCH4
ntot
)
ISM
& 1.3× 10−7 fCaCH (9.16)
The case for CH4 release will be investigated in further details, as it diffuses
out of the a-C:H network at a rather high temperature in the TPD experiments,
and can still be photodissociated during the diffusion out of the grain.
Conclusion
Wehave experimentally investigated the FUVphotolysis of hydrogenated amor-
phous carbons, analogues of the interstellar a-C:H. We have shown by combin-
ing to mass spectrometry that the FUV irradiation leads to the efficient produc-
tion of H2 molecules, but also small hydrocarbons such as CH4, released from
the a-C:H film. The species are produced not only at the surface, but princi-
pallly within the bulk of the a-C:H carbonaceous network and diffuse out at
higher temperatures than the purely physisorbed species made by the recom-
bination of H atoms on surfaces, providing efficient formation in environments
where the residence timescale for H atoms prevent an efficient formation on the
surface.
In a interstellar context where both H atoms and FUV photons are present,
this reaction can be viewed as a catalytic pro duction with a repeated atomic H-
addition/VUV H-abstraction on the same grains. This photolytic process will
however progressively erode the carbon network and the carbon loss is not
fully reversible, as hydrocarbons molecules are produced and ejected in the
photochemical process. At the interface of PDRs, an interesting consequence
on the observed rate coefficient is the grain hydrogenation balance driven by
how fast the rehydrogenation of the grains proceeds and/or how fast the pro-
cess is advective, i.e. process newly exposed grains, as real PDRs are not in a
steady state, as assumed in most models.
a-C:H feed the interstellar mediumwith small hydrocarbons (such as CH4),
which contribute to the formation of small carbonaceous radicals after being
dissociated by the UV photons present in the considered environment.
In this article we experimentally investigated only the first small hydrocar-
bon, CH4, produced during the VUV photolysis of a-C:H. UHV experiments
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are being conducted in order to extend the analyses to a quantitative informa-
tion on heavier species released in the gas phase, and feeding the backend of
the ladder for the formation of more complex hydrocarbons or carbon based
radicals detected at radio wavelengths.
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Chapter 10
Resumen y conclusiones
10.1 Parte II. Espectroscopı´a Ultravioleta
10.1.1 Capı´tulo 4: Espectroscopı´a ultravioleta de vacı´o. I.
Seccio´n eficaz ultravioleta de hielos polares
Las secciones eficaces de absorcio´n UV para la mayorı´a de los so´lidos molecu-
lares presentes en los mantos de hielos interestelares, con la excepcio´n de H2O,
NH3 y CO2, no han sido reportadas en la literatura. Modelos que involucran
feno´menos de foto-procesamiento dependen de e´stas secciones eficaces para
estimar la profundidad de penetracio´n y la dosis de radiacio´n. En el pasado, se
utilizaban los valores en fase gaseosa como una aproximacio´n. El objetivo prin-
cipal de este estudio es estimar las secciones eficaces de absorcio´n UV de hielos
moleculares. Para lograr esto, hielos puros compuestos de CO, H2O, CH3OH,
NH3, o H2S fueron depositados a una temperatura crioge´nica de 8 K. La den-
sidad de columna de las muestras so´lidas fueron medidas in situ mediante es-
pectroscopı´a en transmisio´n en el rango infrarrojo. Los espectros ultravioleta
de las muestras fueron tomados en el rango de 120 a 160 nm (equivalente a
10.33 a 7.74 eV) usando una la´mpara comercial con flujo de hidro´geno excitada
pormicroondas. Como resultado obtuvimos las secciones eficaces de absorcio´n
UV para los citados hielos moleculares, ve´ase la Tabla 4.5 del Capı´tulo 4. Nue-
stros resultados esta´n en acuerdo con aque´llos en los cuales se reportaron las
secciones eficaces en absorcio´n UV de hielos de H2O yNH3, mientras que nue-
stros datos para los hielos de CH3OH, CO y H2S han sido los primeros en doc-
umentarse. Siendo el H2S el hielo que presenta la mayor cantidad de absorcio´n
ultravioleta comparado con los dema´s. Este nuevo me´todo de hacer espectro-
scopı´a de hielos moleculares (lo comu´n es hacer espectroscopı´a ultravioleta
utilizando un sincrotro´n) es ra´pido, fa´cil de usar y asequible. En general, en-
contramos que las secciones eficaces de absorcio´n UV de los hielos moleculares
pueden llegar a ser muy diferentes de aque´llas en fase gaseosa usadas en el
pasado como una aproximacio´n, por tanto nuestros datos mejorara´n significa-
tivamente los modelos que simulan la foto-desorcio´n y el foto-procesamiento
de mantos de hielos. La tasa de foto-desorcio´n de hielo puro de CO a 8 K,
expresada en mole´culas por foton absorbido, puede ser derivada usando nue-
stros datos, ve´ase la Tabla 4.7 del Capı´tulo 4.
10.1.2 Capı´tulo 5: Espectroscopı´a ultravioleta de vacı´o. II.
Seccio´n eficaz ultravioleta de hielos no polares
En el Capı´tulo 4 se reportaron las secciones eficaces en absorcio´n UV de los
hielos polares. El principal objetivo de este capı´tulo es dar las secciones efi-
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caces de absorcio´n UV para los hielos no polares, los cuales incluyen el CH4,
CO2, N2 y O2. La dina´mica es la misma que en el Capı´tulo 4, los hielos son de-
positados a 8 K y su densidad de columna es medida por medio de infrarrojo
en transmisio´n. Los espectros ultravioleta fueron tomados en el mismo rango
de energı´a usando la misma la´mpara de hidro´geno comercial. Las secciones
eficaces de absorcio´n UV fueron medidas, ve´ase la Tabla 5.6 del Capı´tulo 5. En
este caso las secciones eficaces de absorcio´n UV del CH4, N2 y O2 fueron los
primeros en reportarse, siendo N2 la mole´cula que presenta la menor seccio´n
eficaz de absorcio´n UV. Para el caso del CO2, los resultados concuerdan con
trabajos anteriores. La tasa de foto-desorcio´n de hielo puro de O2 a 8 K, expre-
sada en mole´culas por foton absorbido, puede ser derivada usando nuestros
datos, ve´ase la Tabla 5.8 del Capı´tulo 5. De la misma forma se obtiene la tasa
de foto-desorcio´n de hielo puro de N2 a 8 K, ve´ase la Seccio´n 5.4 del mismo
capı´tulo.
10.1.3 Capı´tulo 6: Espectroscopı´a ultravioleta de vacı´o.
Efectos isoto´picos
En este capı´tulo se reportan las primeras medidas de las secciones eficaces de
absorcio´n ulravioleta en fase so´lida de los isotopo´logos ma´s pesados presentes
en mantos de granos de polvo interestelar dentro nubes densas y envolturas
circunestelares. Hielos puros compuestos de D2O, CD3OD,
13CO2 y
15N15N
fueron depositados a 8 K, un valor similar a las temperaturas ma´s bajas que
tiene el polvo en el espacio. Al igual que en los Capı´tulos 4 y 5, la densidad de
columna fuemedida pormedio de infrarrojo en transmisio´n y la espectroscopı´a
ultravioleta fue hecha en el rango de 120 a 160 nm, usando la misma la´mpara
ultravioleta como fuente de emisio´n continua. Se hace una comparacio´n con
sus respectivos isotopo´logos ligeros en fase so´lida y en fase gaseosa (usando
datos de otros trabajos para e´ste u´ltimo). Con nuestros resultados (Capı´tulos
4, 5 y 6) se espera mejorar significativamente los modelos que involucran pro-
cesos foto´nicos en fase gas y fase so´lida. En general, las secciones eficaces de
absorcio´n UV fueron calculadas, al igual que las tasas de foto-desorcio´n de
hielo puro de 15N15N a 8 K.
10.2 Parte III. Fotodesorcio´n de Ana´logos a Hielos
Interestelares
10.2.1 Capı´tulo 7: Fotodesorcio´n
La foto-desorcio´n es el proceso, no te´rmico, por el cual mole´culas atrapadas
en mantos de hielos interestelares pueden pasar de la fase so´lida a la gaseosa
(sublimacio´n) gracias a la accio´n de los fotones ultravioleta, que “arrancan” las
mole´culas de los mantos helados. Este feno´meno es importante a la hora de ex-
plicar la presencia y abundancia de especies en regiones suficientemente frı´as
y protegidas de la radiacio´n estelar, donde la sublimacio´n te´rmica no puede
manifestarse. El Capı´tulo 7 esta´ dedicado a la foto-desorcio´n de hielos in-
terestelares puros por medio de radiacio´n ultravioleta. Las te´cnicas usadas
para este estudio son la espectroscopı´a infrarroja y la espectrometrı´a de masas,
ve´ase Capı´tulo 2 de la Parte 1. Especies como CH3OH, H2O, CO, CO2, N2,
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NH3, CH4 y O2 fueron depositadas a una temperatura de 8 K y posteriormente
fueron irradiadas con luz ultravioleta empleando dosis de tiempos determi-
nados. El tiempo total de irracio´n fue en promedio de 3 a 4 horas. En las
gra´ficas expuestas en este capı´tulo se pueden observar las diferentes especies
que foto-desorben en funcio´n del tiempo de irradiacio´n. Se puede apreciar que
entre e´stas especies se encuentran las mole´culas progenitoras H2O, CO, CO2,
N2, NH3, CH4 y O2 (siendo CH3OH la gran ausente debido a su indetectable
foto-desorcio´n), donde cada una de ellas presenta foto-productos que a su vez
pueden verse foto-desorbiendo. En el caso de N2 y O2, cuyos u´nicos foto-
productos son N3 y O3 respectivamente, sus foto-productos no foto-desorben.
Esto puede ser debido a que (como en el caso del CH3OH) estas mole´culas son
preferiblemente disociadas por la radiacio´n ultravioleta. Esto quiere decir que
la foto-disociacio´n, la cual es encargada de producir nuevas especies dentro
de los hielos interestelares, es el principal proceso que actu´a sobre ellas inhi-
biendo la foto-desorcio´n de estas especies. Tambie´n, solo en el caso de N2 la
cantidad de N3 producida puede ser tan pequen˜a (ya que la seccio´n eficaz de
absorcio´n UV del N2 es muy pequen˜a, ve´ase Capı´tulo 5) que no es detectada
por el cuadrupolo de masas. Se ha estudiado en otros trabajos la produccio´n
de N3 por irradiacio´n de N2 con rayos co´smicos. Estos estudios demuestran la
gran cantidad de N3 que se forma en comparacio´n con la irradiacio´n ultravio-
leta, esto puede servir como indicador de la presencia de un campo de rayos
co´smicos en una region, segu´n la abundancia de Azida (N3) en el medio. Que
la foto-disocio´n no permita la deteccio´n de foto-desorcio´n de CH3OH lleva a
pensar que en zonas frı´as, como los interiores de nubes moleculares, la presen-
cia en fase gaseosa de esta mole´cula puede ser debido a radiaciones de hielos
interestelares con una energı´a media menor a las usada en nuestros experimen-
tos, ∼ 8.6 eV.
10.3 Parte IV. Colaboraciones
Esta parte de la tesis esta´ dedicada a los trabajos en los cuales he colaborado con
otros grupos de investigacio´n. De estas colaboraciones salieron artı´culos en los
que no soy el primer autor. El Capı´tulo 8 es el fruto de una colaboracio´n con el
grupo de astrofı´sica del Instituto de Estructura de la Materia (CSIC), liderado
por el Doctor Rafael Escribano, en la cual contribuı´ realizando y procesando
la toma de datos en el CAB. El Capı´tulo 9 da cuentas de una estancia breve (3
meses) realizada en el Institut d’Astrophysique Spatiale (IAS) en Orsay, Fran-
cia; en esta institucio´n fui tutelado por el Doctor Emmanuel Dartois y colabore´
con el Doctor Ivan Alata. Para este trabajo participe´ con el Doctor Alata en la
toma y procesamiento de datos. Como parte complementaria se realizaron ex-
perimentos en las instalaciones del Centro de Astrobiologı´a (CAB) usando la
ma´quina ISAC.
10.3.1 Capı´tulo 8: Cristalizacio´n de hielo de CO2 y la
ausencia de hielo de CO2 amorfo en el espacio
El dio´xido de carbono (CO2) es una de las mole´culas ma´s relevantes y abun-
dantes enmedios astrofı´sicos y atmosfe´ricos. En particular, el hielo de CO2 esta´
presente en una gran cantidad de cuerpos del sistema solar, ası´ como en man-
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tos de hielos interestelares y circunestelares. La cantidad de CO2 en los mantos
de hielos y la presencia de hielo de CO2 puro son unos buenos indicadores de
la temperatura a lo largo de los an˜os en los granos de polvo en proto-estrellas.
Es por tanto importante saber si el CO2 esta´ mezclado con otras mole´culas en
la matriz de hielo o si esta´ segregado. Tambie´n, es fundamental saber si esta´
presente en forma cristalina o amorfa. Se aplico´ una aproximacio´n multidis-
ciplinaria que involucra espectroscopı´a en el infrarrojo en el laboratorio, mod-
elamiento teo´rico de estructuras so´lidas y comparaciones con observaciones
astrono´micas. Se reprodujo un hielo de CO2 altamente poroso sin presedentes
en el laboratorio y se estudio´ su cristalizacio´n por calentamiento te´rmico y por
acumulacio´n lenta de monocapas por medio de la deposicio´n de CO2 en fase
gaseosa bajo condiciones de ultra alto vacı´o. Los cambios estructurales fueron
monitoreados por medio de espectroscopı´a en el infrarrojo. Se utilizaron mod-
elos teo´ricos para reproducir las diferentes estructuras del hielo de CO2. Se de-
tecto´ una orientacio´n “in-plane” preferencial de algunos modos vibracionales
del hielo cristalino de CO2. Se identificaron las bandas infrarrojas del hielo
amorfo de CO2, y en particular se dio´ una explicacio´n teo´rica para una banda
a 2328 cm1 que domina el espectro infrarrojo del CO2 en fase amorfa, para de-
saparecer posteriormente cuando la cristalizacio´n completa. Mi contribucio´n
al estudio fue la toma y procesamiento de los datos de laboratorio hechos con
ISAC, al igual que las discusiones generadas en la interpretacio´n de los re-
sultados. Se hicieron alrededor de 16 experimentos donde se cambiaron los
para´metros de tasa de deposicio´n y grosor del hielo. Los hielos de CO2 puro
se depositaron a una temperatura de 8 K y posteriormente se calentaron por
medio de una rampa de 1 a 2 K/min para observar los cambios estructurales
sufridos por el hielo. Asimismo, de forma complementaria se deposito´ hielo
de CO2 a 20, 30 y 40 K para compararlo con un hielo depositado a 8 K y ca-
lentado hasta las mencionadas temperaturas. Estos resultados nos permiten
excluir la presencia de hielo de CO2 puro y amorfo en el espacio, basado en
observaciones disponibles hasta la fecha, apoyando nuestra actual visio´n de la
evolucio´n de CO2 en fase so´lida.
10.3.2 Capı´tulo 9: Foto´lisis ultravioleta de carbono amorfo
hidrogenado. I. Tasa de formacio´n de H2 y CH4
interestelar
Los carbonos amorfos hidrogenados (HAC o a-C:H por sus siglas en ingle´s)
observados en el medio interestelar difuso deberı´an, de acuerdo con el tiempo
de destruccio´n medido en el laboratorio, desaparecer en unos pocos millones
de an˜os. La existencia de a-C:H resulta del equilibrio entre la foto-desorcio´n,
radio´lisis, hidrogenacio´n y resiliencia de las redes de materia carbona´cea en el
espacio. Durante este procesamiento, muchas especies demole´culas (orga´nicas,
radicales y fragmentos, pero en particular el H2) son liberadas a la fase gaseosa.
Se hicieron experimentos con ana´logos interestelares de a-C:H con el objetivo
de cuantificar la desorcio´n de estas especies en el medio interestelar. Para lo-
grar esto se emplearon procesos de irradiacion ultravioleta de a-C:H a tem-
peratura crioge´nica (10 K) y a temperatura ambiente, donde la fase gaseosa
se estudio´ por medio de espectroscopı´a de masas usando un cuadrupolo. Se
emplearon isotopo´logos pesados (a-C:H deuterado, a-C:D) para separar las es-
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pecies producidas de la contribucio´n de fondo debido a la contaminacio´n den-
tro de la ca´mara. La foto´lisis de carbono amorfo hidrogenado da como resul-
tado la eficiente produccio´n de mole´culas de H2, al igual que pequen˜os hidro-
carburos. Estas especies se forman tambie´n en la superficie, pero predominan-
temente en el nu´cleo de la red de a-C:H. Las especies generadas en el nu´cleo de
a-C:H comparadas con aquellas producidas en la superficie (las cuales fisisor-
ben del a-C:H), salen a la fase gaseosa por medio de difusio´n a temperaturas
ma´s altas. Adema´s de la alta tasa de produccio´n de H2, la foto´lisis de a-C:H
provee una ruta de produccio´n significante en entornos donde el corto tiempo
de vida de los a´tomos de H (tales como las regiones de foto-disociacio´n, PDRs
por sus siglas en ingle´s) inhibe la formacio´n de H2 en la superficie. El H2 pro-
ducido por foto´lisis del nu´cleo de a-C:H puede contribuir en buena medida
a la formacio´n de mole´culas de H2. La irradiacio´n de a-C:H libera en la fase
gaseosa pequen˜os hidrocarburos (como el CH4) al medio interestelar, lo cual
contribuye a la formacio´n de radicales carbona´ceos despue´s de ser disociados
por los fotones ultravioleta presentes en el ambiente considerado. Esto amplı´a
los entornos interestelares donde el H2 y pequen˜os hidrocarburos pueden ser
producidos. Mi contribucio´n a este trabajo fue la participacio´n en la toma y
ana´lisis de los datos obtenidos en el IAS y en el CAB, al igual que las discu-
siones dedicadas a la interpretacio´n de los resultados.
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